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FINAL REPORT
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1. INTRODUCTION

This study addresses the assessment of damage to steel offshore structures,

pipelines and subsea systems. 1In addition, it relates the significance of
damage to the philosophy of inspection planning. The study is one of several

" on various inspection related topics which form the UEG Project on Underwater

Inspection (Project URP72).

The Draft version of this report was presented to the project steering group
in June 1986. Comments made at that time and in subsequent communication ’
between project participants and UEG have: been collated by UEG and are
incorporated into this final report where appropriate.

There were two broad areas of comment. ?irstly, it was felt that the methods
recommended were too complex for general use. It remains the opinion of the
contractor, &s stated at the steering group meeting, that any simplification
which is also to be 'safe' would introduce unnecessary conservatism and much
of the power of the techniques for cost saving would be lost. In comparison
with the very high cost of obtaining the relevant data from a defect site,
the cost difference between using a complex_rathér than a simple assessment
technique is ﬁegligible. It is the aim of Section 6 of this report to bring
the more sophisticaied 'Eechniques within reach of the non-specialist
engineer,

The second area of comment concerned the document layout‘;nd consequently its
ease of use. Section 2 of the draft report has undergone minor changes in
this final revision. Sections 3 and 4 of the draft have been amalgamated so
that the objectives and the methods used in this study are now all contained
in Section 3. ;
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Section 5 of the Draft, entitled ‘'Information from the Industry' has been
replaced by two Sections which treat the industry's experience of damage
(Section 4 of this Volume) separately from the engineering data necessary for
using the assessmenﬁ techniques presented in Section 6. An imggrtant
addition to Section 4 is a discussion on locations and modes of failure
(Subsection 4.3). Apart from layout changes to give better integration with
Section 6, the data capture Section (Section 5) is not significantly altered

in content.
Section 6 is unaltered since the Draft.

Section 7, Development of an Optimised Inspection Strategy, has been
rewritten. The methodology is unchanged but the presentation is'aimplified
and additional flowcharts have been introduced to assist the user.

Section 8, which discusses the application of optimised inspection
strategies, includes an additional section, 8.3, which attempts an avaluation
of the benefit of adopting the methodologies described in Section 7.
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2. THE ROLE OF DAMAGE ASSESSMENT IN OFFSHORE INSPECTION PLANNING

The ultimate cbjective of an inspection plan is to provide a level of
reliability in each structural cémponent coimensurate with the.consequences
of its failure. For an offshore installation the possible consequences of
failure include: ) :

1. Logs of life. | . =
2. Damzge to the environment. |

3. Lost production.

4. Costs of reccvery/replacement of the facility.

The overriding philosophy in developing an inspection plan is to satisfy the
reievant reliability objectives at minimum cost. The interests of the
Certifying Authorities concern items 1. and 2.7 the Operator 1s also
concerned with items 3 and 4 and frequently applies more stringent inspection
criteria on himself than those e;xforced by legislation. Nevertheless,
inspection is generally based on a r;gular cycle; for example, in the North
Sea, inspection is planned in step with 4 year (Norwegian) or 5 year (British
Sector) recartification requirements. Many cperators bias their routine
inspection ¢towards the components which, from structural analysis or
historical :I.nf.omﬁtion, are most likely to show premature damage.

Currently, 'then. an inspection plan is geared to respond to :l.fana susceptable
to damage and a typical decision tree is given in Figure 2.1 '

There are two ways in which it may be possible to refine the current
philoscphy to give a more cost effective inspection programme without

. increasing the risk to the structure. These two avenues form the basis of

this study.

The first avenue concerns Iknowledge of defect behavioﬁr. Currently, when a
survey identifies damage, assessment of the damage is carried out and a
decision is taken on remedial action. 1In fact, mahy compoenents may be highly
tolerant of defects. Using mociern assessment techniques, understanding of
the behaviour of crack-like defects has improved. If it can be shown that:
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1. A crack of a given. size is certain to develop very slowly under
" fatigue loading;
2. The defect will not cause catastrophic (brittle) or static failure of

the component under maxinum -stom loading;

then it niay be posilibla to increase the period between inspections. This
approach can be applied to any subsea component susceptable to fatigue
damage, .and parallel raticnales could be applied to other types of damage. A
review of the available techniqués is the subject of Section 6.

The second avenue concerns a modified inspection philoscphy and applies in

’ particular to structures with built-in redundancy. Steel jackets fall into

this category  and much of the discussion on this approach is directed
particularly to jacket inspection. Applicability in other areas is discussed

’in Section 8.

The modigied approach to inspection starts t::.'cm the question “"what would be
the impact of failure of ‘component wyn m‘the‘ integrity of the overall
structure?® It can be seén that this is significantly different from the
basis of current philosophy which asks “which of the éomponents is most
likely to show damage?®

An inspection programé based on this app:'roach would start by classifying the
components of a structure according to the following criteria:

. Consequence of danacjé in a specific component to the integrity of the
insatallation.
o Possible failure modes (eg. fractures are most likely in tension

mepbers with signiﬂcant fatique loading, whereas buckling failures
may occur in compression members exposed to impact damage).

* Likelihood of failure (quantified by a damage ass.esment), even when
some damage has been identifiled.

° Cost and reliability of structural inspection.

Figures 2.2 'and 2.3 show decision ‘trees -for this approach, and the 'topica
.above are discussed more fully.in the following sections.



[

jorg B v S ot

I

[§1! " o N I N N .

- 2.3 - WOL 109/86A

An "optimised® inspection programme would make use of the above tqchniqﬁes .
together with the current criteria for inspection. The hierarchy of
questions to be addressed in the optimised strategy is:

-® What are the effects of damage in component 'j' on the whole

installation?
® Is compoiient 'J*, which 1s known to be defect critical,. likely to show
premature failure? . {(from analysis results, previous history,

sugceptibility to impact or corrosion damage}.

o How stable iz a gmall defect at site 'j'?
L] "What :Ls'thekcost of ensuring that defects at site 'j' are identified

in the field before they reach critical size?

In the context of inspection planning, damage assessment techniques are
employed as follows:

. possible component fallure modes are identified

[ theoretical damage is postulated ) . :
o assesgment techniques are used to indicate the criticality of the

damaged component

- inspection is planned accogdj.ngly' .

It is not implied that inspection programmes developed con these lines will
necessarily lead to instant and dramatic reductions in the amount of
inspection carried out each year. Reliability of inapecto.rs and techniques,
coupled with service -experience (which has shown that defects occur at
unexpected sites), highlights the . imprudence of dramatic reduction.
Nevertheless, the greatest proportion of effort would be concentrated on
defect critical components with some reductions elsewhere., It is envisaged
that a well planned programme would redﬁce both the risk associated with and
the cost of inspection.
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Before the effectiveness of the strategy can be guantified it is necessary to
review the reliability of available assessment techniques and those still

being developed.,  These are the topics of subsequent sections. The cost
effectiveness of this approach is influenced by:

.. Cost of suﬁaea 1nspect;on, and particularly DSV ratés.
e Increased cost of analysis in develcping the strategy.

Broadly, if one day of diving can be saved at the cost of a man year of
engineering effort then the approach is economically worthwhile.

*
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3. SCOPE OF mis STUDY
3.1 - CObjectives
The objectiveg of this study are:
.o To present an overview of tiie types of damage that can be sustaineé by

offshore installations and tﬁeir ‘significance.

® To review methods that -are currently available and under development

for damage assegsment.

° To present a report girving the 'dpti.ons for the assessment of damage
and how damage assessment can be integrated inte an overall apprcach
to underwater inspection.

| rolloéi.ng the interim presentation to the Steering Group and discussicns with

UEG an additicnal aim was requested:

o Te 4indicate the cosat A:I.mpact of adopting an optimised inspection
strateqgy.

3.2 Aggroach

. The aim has been to bound the scope ,'of work in such a way that the bulk of

the effort has addressed:

L The mosthpromising damage assessmen.t techniques.

] How the techniques are applied in practice.
° The impact cn offshore inspection.

A certain amount of data collation was also carried out. ‘It was not the
intention that this should provide a comprehensive’ review of relevant
available data. Operators were canvassed on their attitudes to and current
utilisation of damage assessment techniques in their present and’ future
inspection strategies.
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It was apparent that the information received from interviews gave an
incomplete picture of the ¢types of damage experienced. Additional
information has been provided from the first hand knowledge of the study

contractor.

The data co]_.lectionlalso aimed i:g collect from published scurces real data,

for use in the assessment method case studies presented in Section 6.6.

Recognising the amount of work necessary in applying each technique to all
possible appliéations; the following strategy has been adcpted:

* Identify types of damage to be assessed.

® Identify and review techniques which could be utilised on one or more
damage type.

L Show application of promising tachniques to a s.tee]. jacket structure,

or cocmponents thereof.

] Comment on application ©of these techniques .éo other itena. subjact to
inspection.
® Discuss application of the methodology into an optimised inspection

plan, taking due account of the.findings. from Studies 1 and 2 of the
" UEG project and the sampled cpinion of industry. .
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4. INDUSTRY EXPERIENCE OF DAMAGE

4.1 Introduction

This Section reports on the experiences .and. attitudes of & Operators
regarding damage and its assessment by theoretical techniques, reviews the
published data pertaining to damage and presents a review of the types and
locations of damage which are known to exist from direct experience of the
study contractor. In this latter Section, Section 4.4, the second generation
of damage types and locations are discussed. These defects are not yet
adequately reported in published literature, but are in some respects of more
interest than the first generation (conductor guide frame cracking, caisson
support defects etc); defects arising early in the lives of first generation
structures were designed out of second generation structures. 'Second -
generation defects' (including the effects of ineffective corrosion
protection and problems with single gided butt welds) are only now coming to
light on the first generation structures. It must be anticipated that
defects in this category will be with us for many years as there is no reason
£0 believe that they have been designed out of later generation structures.

It was not intended that the data capture exercise be exhaustive, but rather
to confirm or etherwise the study contractor 8 perception of the types of
damage being experienced and the way in which it is being assessed.

4.2 Information from Operators

A total of 6 visits to operators was undertaken both at operational locations
(eg. Aberdeen) and at Head Office locations (in london). The basis for
discussions with representatives of the operators was the following:

Current inspection philosophy

Attitude towards damage assessment .
Use bf inspection data gained in modifying inspection philoscphy
Inspection techniques used and their reliability

Nature of defects occurring

Future developments and eims

Cost of inspection.

The general views egd'eubject points are glven below:

4.2.1 Current inspection philosophy

All the opsrators canvassed used an S-N fatigue analysis to yehe thelr
inspection requirements, with those areas showing low fatigue lives
warranting most attention. One operator used the basis that joints
should be inspected every 25% of their calculated fatigue 1life



) |

4.2.2

- 4.2.- | WOL 109/86A

although t.héy admitted that in practice, the selection was more
subjective than this with human factér, contingency inspecticns,
budget and time of year all having a big influence. One operator had
taken the step to incorporate redundancy analysis for setting part of
their inspection programﬁe with those joints having a short fatigue
life and a major consequence éhould they fail havinq a high priority
in the inspection list. The general impression was- that most of the
operators still used S-N fatigue analysis as the basis for their
inspection but were beginning to turn to redundancy analysis as an aiad
to concentrate their efforts on those areas most critical. It should
be pointed out that one operator who had new structures with a long
design life was using the first 5 year recertification term to cover
most of their structure by a datalled visual inspection so as to
establish a base line for future J.nspect:l.én. - The future inspection
programme \;ould then be based on fatigue, redundancy analysis and the
findings from the 5 year basa line.

Attitude towards damage assessment

The general attitude towards damage assessment amongst the cperators
is one of appreciating the theory but being apprehensive of the use on
technical grounds. All of the cperators use the techniques to assess

" the nature of dJdefects discovered and to predict their course of

failure and thus define what remedial action needs to be taken.
However, two of the operatérs ‘quite strongly recognised the
deficiencies within the methods employed and felt that the large

spread in results cbtained due to lack of information either on input

data or as support to proposed models left some quite large doubts.
However those two operators did feel that the techniques were worth

~ pursuing further. .

Cne of these operéto;s also suggested - that where dmge' has been
detected, they would carry out a large scale experimental test to
verify the behaviour of the damaged component. It was clear that the

' operators consider that defect assessment techniqies are useful tocls

in assessing known problem areas but have felt that the uncertainties
in some areas.n_eeded further study and clarifications. None of the
operators had yet considered defect assessment procedures in
determining inspection plans for undamaged structures although most
had considered redundancy. analysis in one form or another. In some

instances, this 1is done .subjectively when damage is found and the
effect of the damage on local and global integrity determined.
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Use of inspection data obtained

All the operators canvassed emphasised that inspection programmes and
attitudes and the response to inspection findings was a -dynamic
situation. Thus in the event of aldefect being detected or an area of
a structure beinyg of particular concern, all the cperators would élace'
these as a high priority. Two of the operators indicated that they
would increase their inspection efforts in these areas outside their
normal inspection programme. One operator stated they would modify
their programme so that sensitive areas would be examined every year.
Another operator would base their inspection programme on “how guch
effort was required to be confident of the structure”.

All but one of the operators stated that the& woulg carry ocut detailed
analysis of the damage found to aid them in their course of actién-
This analysis is not restricted to defect qssessment in predicting the
course to failure but is aimed at understanding the nature and cause
of defect. This was particularly important to one cperator who uses
this information to update the computer models of his structures and
to ald his future inspections by identifying similar areas to that in
which defects have already occurred. .

Inspaction techniques used and their reliability

From the visits to the cperators, it is evident that the réliahility
of inspection techniques is an area of disagreement between cpératorsg
This is clearly based on their own experiences of use of techniques

whether they be good or bad. - With the exception of one, all the

operators are using flooded member -detection as mich as possible.
Three of the operators visited relied solely on Magnetic Particle and
Visual inspection in addition to tha flooded member detectors.

One operator uses wet radiography,an& ultrasonics in addition to MPI .
and visual inspection.

With regards to reliability, there was a considerable degree of
variation between the operators. Two felt that they would f£ind
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surface defects of 10mm length or less with a.“reasonable degree of
reliability". However, the same twoc operators ({strongly) d&isagreed

over the use of wet radiography with one claiming a successful use

" while the other believing it was a very ineffective tool. One of the

other cperators declined to comment too extensively on reliability as
they thought it was very dependent on the human factor and varied
between divers.

One notable difference in the visits was the attitude of the cperator
with new it;ructures. They bDbelieved that for the Dbest overall
reliability in looking for cracks was to apply a "broad brush”
approach of high reliability but low sensitivity. To this end, they
were concentrat:l.riq on flooded member detection; They believed that
thia allowed them to have coverage of all primary and secondary
members (none of which is expected to be damaged) during the first 5
years for the equ}.valent cost and overall reliability of detailed NDT
inspection of 5 welded joints per year.

They bellieved that the detaliled inspection techniques, while o!fering
a higher degree of sensitivity, had such a reduced reliability both in
terms of operator capability and in the overall context of the amount
ofn structure it was capable of covering, that during the first five
years of their structures they were not cost effective. This sane
operato:; also beliaved that the de.ta.tled NDT techniques required a lot
of experience and )\I'.nowledge to enable reliable and sensitive readings
to be maintained and therefore, they do not advocate the use of any
techniques in the field until comprehensive, documented internal
trials have been carried out.

Defacts occurring

All the operatcrs reported i.nstam_:ea of fatigue cracking' in their
structures, this often occurring in places where ‘the loading had ﬁeen
incorrectly assessed. Fatigue cracking in conductor guide frames was
a case cited with this being a common problem &mongst four of -the
operators. Additionally, fatigue cracks had been found :l.n_ a number of
welded joints with one cperator reporting that these were occurring

around the splash zone area.
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Fabrication defects were an area of concern with at least two of the
operators. They both noted that welding of a quality umacceptable by
current standards had succeeded in entering service in some early
jacket .structures. A combination of poor design, poor quality control
and poor welding procedures had lead to the fabrication defects.
These defects were generally confined to single sided welds.

Boat impact damage had been cne area of considerable concern to cne
operator. They have gubsequently made alterations to operational
procedures which has decreased the number of incidents. The degree of
damage to members/components experiencing boat im;;act was not given.
The same operator had also experienced other denting damage below the
water iine. Although scarce, this serious damage had occasionally
happened and in all :l.nst#nces was dealt with: presumably by analysis
and remedial repair.

Other operators had experienced installation damage in the form of
gouges and dents but ‘the extent of remedial action 'regarding this
damage was unclear.

A further discussion of defects and damage is given in sectiom 4.3.

Future dev'elogments

All the operators canvaséad clearly had one single common aim in terms
of future developments in offshore ,.'lnspection. This was to move away
from the diver based system. The directions for achieving this goal
did vary between the cperators but the cbjective was to increase the
cost effectiveness and reliability of the current- inspeétion
programmes and to remove as far as possible the current subjectivity
in inspection. One operator viewed this in the sghort _texmm of
employing existing technliques more effectively in order to establish a
high probability of detecting a crack of a certain size. Their long
term view was to replace divers by robotically cperated machines.
Similarly another operator envisaged having a pe;:manently installed
monitoring system operated from the surface. A third cperator

concurred with this view althcugh the"y' saw the emphasis on ROV's

carrying out the majority of inspecticn with a centralised control
located on the platform to monitor the findings. However, they felt
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that the current emphasis for ROV's to carry out MPI was incorrect and
they would like to see this changed to ROV's carrying out flooded
member detection and cleaning, thus employing ROV's for 80% of the
inspection time rather than 20%.

One operator, while recognisin§ that efforts should be made to
maintain the inspection as cost effective to drive it away from diver
orientation, would like to see more time and money spent on analysis
and inspection at the design stage. while desiring this, the operator
recognised there were prcblems such as budget allocations which can be
determined by other considerations and while it was good engineering

practice to cover as much as possible in design, commercial and

~ political factors have a large effect on this.

Inspection costs

Onderstandably, operators were reluctant to give a figure on the cost
of their inspection programmes. They often felt that an exact figure
was difficult to determine du; to hidden costs .often being involved.
An example of this is the extensive use of research functions. as
back-up to understanding the various NDT techniques and equipment on
offer. However it is believed(1) that inspection accounts for between
10-30% of operating costs. Some figures were given for costs of
diving, these being £25,000 per day for‘a Diving Supporé Vessel. For
this 24 hour period it was likely that only 1 node would be inspected
and the majority of time would be spent cleaning. For air diving off
the platform a cost of £8,000/day was estimated.

Information from Published Sources

Fixed structures

A review of the incidence of defects and anaiylia of their‘cause hn§
been the subject of an earlier UEG study(Z)J The study reported 61
cases of damage of which 41 involved primary structures, 18 secondary
gstructures and 2 involved both. It is signifiéant that of the 17

cases of fatigue failure, two affected primary structures, 13

'aecondary structures and two both. The high incidence of féiigue

failure in secondary structures is believed to be due to the problem
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of inadequately designed conductor guide framing; a problem common to
many of the early platforms in the Northern North Sea. Of the 61
cagses recorded, thirty were caused by accidentalb damage such as
coilision, installation damage or dropped objects. Twenty six defects
were a result of design or construction defects which led to 17 cases
of fatigue failure. Although the cause of cne defect is listed in
raference (2) as being due to a welding fault it is not clear how many
of the fatigue failures resulted from construction defects. In all,
41 of the cases of damage had resulted in formation of a crack in the
structure. ‘e summary of damage from reference (2) is given in Table
4.1.

(3) was made of the structural damage of 21 steel .
platforms installed in the North Sea between 1971-78. The-study was
based on in-service records gathered from 1975 to 1984 comprising

A recent study

inspection findings and other occurrences reported from below water
inspection. A summary of results reproduced from reference (3) is
given in Table 4.2. Of aignlticance is that cracks and dents were
confirmed in 12 and@ 15 of the 21 platforms respectively which is in
line with the findings of the earlier study.

Of the structural defects discovered, the most common causes were:

() direct design deficiencies eg. incorrect estimation of waveforce
loading.

L indirect design deficiencies eg. access limitations for proper
fabricaticn.

L construction deficiencies eg. faulty weldments which have been

accepted due to poor quality control, undercuts, misalignments
, outside of tolerances.

° accidental damage eg{-collis;oﬁs,'droppequbjects resulting in
gouges or denta. These dents bften contain cracks in areas of
reduced toughness (due to cold working) and one incidence. of a
propagating brittle crack emanating from a dent 1s reported.
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From discussions with the operators and 1ngofmation reported 1n
?eference k3), three areas of damage are of major concern; fatigue
cracks, dented members with or without cracking and, to an increasing
extent over the past few years, construction defects now manifesting
themselves as a consequence of poor design, poor welding and poor
quality control. These welding defects often give rize to fatigue

cracks.

One additional area of damage highlighted by reference (3) is the

" incidence of pitting corrosion. This was reported as occurring on 20
‘of the 21 jackets surveyed. Although ncne of the operatofs visited in

this study reported it to be a major problem, 1t is known to be

causing at least one operator concern.

'In view of the increasing concern amongst Operators of the standard of

welding of structures fabricated in the 1970's a paper by Rogerson and

4
.Wan( ! gives some information of the distribution of weld defects in

offshore structures. The aim of the study was to have a good estimate
of the flaw size and distribution so that a probabilistic analysis of
failure by fracture due to weld defects could be made. For this, the
authors collected data on defect height, length, location and type for
12 vertical node joints and 6 horizontal node joints in the splash
zone region of one structure. A total of 1000m of welding was
su.rv?yed. The results showed that all defects were embedded and that
90y 'wére in the horizental nodes which were the most complicated
connections. Most defects were located in the root region or at the
fusion zone. The height distributions between non-planar and planar
defects, reproduced in Figure 4.1 showed a marked difference, with
planar defects showing greater defect height. The authors show that
these defect heights can most appropriately bé described by a Weibull
function. From an analysis of their own and other published data,
the authors present a table of the various parameters for the Weibull
parameters as a function of defect types. The parameters are
presented in Table 4.3. Hence an attempt at a reliability estimation
can be made once the distribution of defects .1..5 known . However,
because the factors affecting the critical size at which fracture
will  initiate (eg material toughness, yield stress, geometr;v and

. applied stress) are also distributed variables, determination of the

probability of a failure from a given defect size becomes a complex
calculation. ’
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V,An additional area of mfomtion‘ helpful in planning an inspection
strategy is the depth of water in which defects are occurring.
Reference (1) illustrated that the majority were between +10 and -20m
of sea level although repairs down to the =-140m level have been

carried out.

To summarise, a database on dJdefect damage for offshore structure
would be a useful tool in analysing the type, location and cause of
cracking and ﬁighlight those areas where inspection should be
concentrated. For instance, it is clear that certain weld designs

and procedures used in the mid - 1970's coupled with poor quality

‘ control has led to fabrication defects entering service and  this

highlights areas 1in which .inapection should be concentrated
particularly in thé splash zone. Within the context of this project,
the visits and information ocbtained from the operators was not of
sufficient detail or from a wide enough -cbpe to be able to present a
full database of damage.

‘P:l.pelines

Damage to a pipeline rep':esents a possibly .moxe serious problem than
damage for a single member of a well-designed structure. The cbvious
reason is because the pipeline has absoclutely no redundancy and
failure represents loss of production and possibly loss of public
congidence due to envircnmental effects etc. Thus inspection of
subsea pipelines represents an area of high effort in inspection. 1In
service inspection of subsea pipelines normally entails the problem
of line length as well as access limitations. Surveys made of the
as-laid condition prior to burial, therefore, represent an impoertant
source of information. The study carried out by Dnvta) reported on
the findings gathered from-a review of North Sea pipeline records and
the results are given in Tables 4.4 and 4.5. These indicated that
more damaée has occurred during .laying of pipelines than during
operation and the majority of this is in the form of buckles and
gouges. ‘The study also showad that external .corrosion was more
troublesome than internal corrosion and it is signiﬂéant that the
corrosion problems have all occurred near the platform, perhaps

indicating inadegquacy of the corrosion protection system when
adjacent to another large mass of steel.
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4.4 Overview of Locations and Modes of Structural Failure

As a preliminary to considering theoretical assessment techniques and before
a2 rational inspection plan can be developed, it is necessary to have a
knowledge of the likely modes of and locations at which structural failure

may occur.

The principal types of failure pertinent to this study include: . .
Fatigue

Fracture

' Member collapse

Joint collapse

Excessive corrosion

Although these failure modes are distinct, they are in many circumstances
interrelated. For example, fracture is often merely the premature
termination of a fatigue problem, and member collapse and joint collapse

occur together when there has been gross local overloading on a structure.

The mode of failure is ‘governed by a limited ‘m:mber of parameters, of which
the most important are as follows:

e Loading type (eg. static or cyclic, tension or comprstion).
L Structural geometfy (eg. slender or stocky;s tension or compression).
* Structural detailing.

The mgemal member .loads are obtained from the results of a structural
analyaié, .which can provide valuable data for determining underwater.
:I.nspéction -plans. The deficiencies of conventional analysis methods must
however be clearly recognised. Firstly, because it is not possible to
include fabrication and installation forces within .the analysis, the
predicted member forqos may in fact be in error both in magnitude and
direction. Additionally, whilst the predicted fatique.lives_ in a str\_:cture-
are of prime interest, these too are subject to error, and it would be unwise
to base the inspection plan eolely on the nominal fatigue lives.
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. Hiving derived the member loads, a number of simple rules may be applied to

help determine likely failure modes. It may, for example, be assumed that
fracture is only likely to occur in tension members, and member instability
to occur in compression members. A nmumber of considerations of this type are
summarised in Table 4.6.

Of equal importance to the predicted behaviour is service experience gained
from similar structures which have suffered problems. Listed below are a
number of problem areas which have occurred previously on jacket structures,
and which should receive special consideration when planning underwater
iﬁspections. . '

4.4.1 Patigue cracking of conductor guide frames

It is generally recognised that the fatigue design of the conductor
guide frames of early North Sea structures was deficient. As a
result, many of these guide frames have experienced fatigue cracks at
the saddle hot spot locations, which has necessitated repair cor
strengthening. :

4.4.2 -Rigidly attached appurtenances

A number of the earlier structures suffered from poorly detailed
appurtenance supports. A common failing was that rigid welded
supports were used wl‘fich attracted framing lcads from the primary
structure. The resulting stresses have led to both failures in the
appurtenance supports, ox_i occasions leading .to loss oé the
appurtenance, and also to the :l.ntroductlion of fatigue cracks in the
support member.

4.4.3 Single sided butt welds

Single sided butt welds (SSBWs} occur mainly at brace/stub and
chord/can joints, or less frequently at access windows. Several
widely reported failures of members have occurred recently at SSBWs,
which have drawn the attention of the offshore industry to this
problefn. Fatigue problems at these loccations are particularly
difficult to detect since the fatigue crack grows from the inside of
the member outwards. '
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Conventionally, a rigorous fatigue analysis of these jéints is not
performed during design, or where performed uses the Class F2 S=N
curve as recommended in the Department of Energy ‘Guidance Notes; it is
now generally accepted that the Class F2 curve is very optimistic for

. this detail, and that unrealistically long lives will be predicted.

The h.tqheist risk locaticns are those wherea there is a combinatign of
large cyclic stresses and welding defects, pafticularly if the member
also carries a large static tensile load. These locations may hbe
identified by perforni.i.ng a fatigue analysis for all members to compute
the comparative lives, and the loca..tions ;ith the highest risk of
velding defects may be ldentified by examining the welding procedures
and the post-weld NDE reports.

For circumferential butt .welds whera repairs to the weld root have

been conducted through access windows, it may be asgumed that the weld

- itself is sound, having been converted into a double sided butt weld,

and that potential problems are confined to the window closure weld.

Ineffective cathodic protecticn systems

A number of cases has occurred of problems arising from incorrectly
designed or maltunct.toning‘ cathodic protection systems. These
included impressed current systems which have been inoperative for a
period of time, sacrificial anode systems in which the location of
anodes causes localised shadow areas at joints, and systems in which
the presence of current drains {(eg. pile guides and other
non-structural steel) has not been allowed for in the design.
Corrosion problems generally appear either as excessive pitting at
weldments, or else as 'knife line' or crevice attack on the fusion
zone of weldments. '

Effect of welding' variables and chemistry on corrosion

Experience has shown that high hardness microstructures are mnore
susceptible to corrosion, and therefore that the welding varibles and

chemistry have an important effect. HRigher rates of corrosion will
thus be prompted by the following conditions:

. Low preheat
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] Low heat input 'welding
° Uncontrolled post weld cooling

® High carbon equivalent steels
Some operators have implemented a comprehensive database cohtain:l.ng
their fabrication records and procedures, and used this to' identify

the locations with a high risk of excessive corrosion.

Experience has shown that these conditions often occur in caissons and

gimilar appurtenances, and.corrosion failures have resulted.

Drilling cuttings

It has become apparent that on a humﬁer of structures insufficient
attention was paid during design to the problem of the disposal of
drilling cuttings, and that these accumulate arcund the bage of the
structure, applying additional 1loads to ‘I:h? members in this region.
In some instances the deposits reach the next-to-bottom framing level,
typically, some 20m above the se;:bed. Detailed studies have shown that
the pressures from the drilling cuttings can cause substantial
overstressing of the members, and indeed one case of ﬁeml?er collapse
has already been reported.

Flooded members

Problems have been encountered on structures where insufficient
attention has been paid to the member flooding. This includes both
the case where members are designed incorrectly so that overstress

occurs under normal hydrostatic loading, and also the case where the

actual condition of flooding differs from the designer's original
intentions, possibly resulting from poor detaliling of the f£looding
holes. In one instance, diaphragm stiffeners in an X-joint were found
to be severely overstressed ‘because they were carrying .the full
hydrostatic loading on one side only, as a result of poor detailing
which caused the space between the stiffeners to remain unflooded. By
their nature, member flooding problems are confined to the base of
structures installed in medium to deep water locations. The actual
state of member flooding may be detected readily by use of a suitable

meter.
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Attention should also be drawn to the speclal corrosion problems of

flooded members. To exclude oxygen and thus prevent corrosicn is

desirable to seal the flooding holes after platforni installation. If
this 1is done, the entrained water should be dosed to kill any
sulphate reducing bacteria which would otherwise flourish in the

anaercbic conditions.

D tailing

Although service experience assists in highlighting the areas in which
structural problems are likely to occur, allowance should also be made
for unexpected circumstances, such as departures from the ‘ag-built’
drawings. Actual examples of this include unrecorded welded details
on members subject to a high fatigue loading which have lead' to
failufe (as on the Alexander Kielland), and ring stiffeners.
Contingency inspections or monitoring should be planned tc enable
these problems to be detected in time for corrective action to be
taken before failure occurs. '

For each failure mode it is essential to have an appreciation of the
visible evidence of damage or of impending failure, since thé
underwater inspection plan must be designed to detect this. For
fatigue cracks, the visible evidence 1s generally a line indication on
the surface, which may either be detected by MPI or by close vigual
examination, depending on the size. It is somewhat more difficult to
detect cracks emanating from the inside of a member outwardé, for
which either underwater radiography or ultrasonics must be used, or
alternatively a flooded member detector may be used to detect a crack
in this location after it has grown through thickness. For an
inspection plan based on the latter case, it would be esgential to
verify that there was an adequate residual life as a through-thickness
crack, to ensure that this could be detected before final failure

. occurred.

For the case of ultimate load failure, there is generally little
evidence of distress until a local failure has occurred, and this may
be detected by general visﬁal inspections or by structural monitoring.
Failures of this type are usually caused by exceptional loadings, such
as boat impact or from d.fopped objects; inspections should thus be
carried cut as soon as an incident 1s reported, or if other evidence
is encountered, such as unexplained debris on the seabed. '
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The determination of potential failure modes and sites is summarised
in PFigure 4.2 and Table 4.6. The selection of apprppriaie ingpection
methods to detect different types of damage is reviewed extensively in

URP72 Studies 1 and 2(5'6), and is not discussed here.

4
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Dafect Type

Offshore Structurs
Nodes

¥on- planar defecta
(height)

As fabricated

0.70

0.1

‘| Planar defects

{height)
As Zabricated

1.4

0.1

5.0

All defects
(height)
As fabricated

0.1

3.20

All defects
(height)

Atter N.D.T, and Repair

0.80

o.l

lﬂn

Surface Breaking Cracks

(height)
Becher & Hansen

0.8%

0.1

1.75

Slag inclusion
{(length)
Becher & Hansen

0.45

2.0

3,50

Cracks
(length)
KXiharas

0'85

1.0

18.5

Cracks .
(beight)
Kihara

1.10

0.1

.62

g-1 B
nex) = &= [ 22X ] ‘exp [ - (2L )]

TABLE 4.3

-

WEIBULL PARAMETERS FOR DEFECT SIZE DISTRIBUTION
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* Buciles and Gouges(1) 15
hd Anchor wire K}
* Floating 1
* Pigs stuck 4
* Pressure test 3
* Others 1
TOTAL 24

1) Probably caused by anchor or trenching sledge.

TABLE 4.4

WOL 1093/86

vt

DISTRIBUTION OF PIPELINE FAILURES DISCOVERED AFTER LAYING BUT PRICR TO

START-UP {REFERENCE 3)

Near Open Near Total
Shore Seas Plat-
form

Anchor damage 1 ) 3 4
Corrosion
Stability 3 4
Pinhole 1* 1*
Creep/Thermal 3 3
Cause unknown 1
TOTAL 4 1 12 17

* petected during pressure testing

TABLE 4.5

NUMBER OF PIPELINE INCIDENTS DURING OPERATION CAUSING REMEDIAL ACTION, BY

CAUSE AND LOCATION (REFERENCE 3)

-y
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5. ENGINEERING DATABASES/INFORMATION REQUIRED

The cbjective of this section is to highlight additional information that is
required or useful in applying the damage assessment techniques discussed in
Section 6. This information take two forms:

L] a compilation of experimental results which illustrates the behaviour
of damaged components.

] a compilation of relevant technical information into databases
necessary for the assessment techniques; A typical database required
is that of material properties obtained form mill sheets/test
certificates of the steel plate used in the structure.

5.1 Eerimental results

This section highlights informatlon on the behaviour of damaged components.
Enoﬁledge of this behaviour enables analytical models to be modified and
benchmarked for a.ccuracy; It also enables understanding of development of
damage to final failure for different types of component. This is
particularly important in recognising that the way a crack penetrates through
a tubular member may vary with joint type. In addition, predictions of
fatigue crack growth (see section 6.3) rely entirely on growth constants
derived from experimental tests under various conditions.

The section concentrates on experimental fatigue cracking, the behaviocur of
dented members is dealt with in section 6.1. Within a defect assessment or
optimised inspection analysis, in addition to the fatigue crack growth
cor'mtants, two areas of crack development are; of particular interest;

i. the development of cracks through the thickness with respect %o type
of joint tested and

it. the aspect ratio of the crack, defined here ags the ratio of crack
depth 'a' to the half crack length c.

In the absence of totally reliable subsea inspection me.thods for accurately
determining crack depths, knowledge of the aspect ratio becomes an important
factor in that a surface crack length measured by MPI can be related to a
certain depth of crack via reliable experimental results for the joint type
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in question. Furthermore it ié'likai§ that the aspect ratio will change as
cracking progresses. ‘This is an important consideration for fatigue crack
growth in tubular joints and the fatigue crack growth model should include

provisions for such changes.

It is not intended that the information supplied in this section should be a
totally comprehensive database and bibliography of all experimental data but
should highlight with examples some of the differences and difficulties to be

encountered and give details of key sources of information.

S5.1.1

Tubular joints = Crack develggggnt

Early studies on the fatigue lives of tubular joints concentrated
mainly on the derivation of design life S-N curves for ultimate joint
1life and ignored, to a certain extent, the study of crack formation
and growth., However, develcpment of a reliable system for measuring
crack depth during the URKOSRP I programme(1) has led to greater
obsarvations of crack develdﬁment being made. Summaries of some of

these chbservations have been made in raferences(i) andtz).

In many cases theqdavelopmént of cracks in a tubular joint can bhe
complex with initiation occurring as several cracks at thé weld toe
of a connection which coalesce to produce larger cracks. These are
usually visible within about 10% of the total fatigue 11!9(3).
Ihitiation usually occurs in the chord due to the higher notch stress
at the weld toe "even though the ‘hot-spot' stress may be higher in
the brace. It is also found that initiation sites are more widely
spaced in axial loaging than in bending. Following initiation and
coalescence, crack branching may occur with cracking proceeding 2long
both the weld toe and the chord. 1In this situation, the criterion is
to assess the growth of the dominant crack which will eventually be
the first to breakx through the thickness and will also have the
greataest length whers branching has occurred.
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Early observations of both T aﬁd K joints‘a'“ indicate that after an
initial delay (probably due to the coalescing of initiation cracks),
the crack depth increases approximately linearly with the number of
cycles until the chord wall is penetrated. However, it shoculd be
noted that crack growth characteristics vary between simple
(non-overlapping) and complex {overlapping) Joints. Figure 5.1
illustrates the normalised crack growth through the thickness (a/t)
as a function of the normalised number of cycles to failure, Nf, for
a number of different joints. Nf is defined here as the occurrence
of through thickness cracking.

P.‘.:gu.re 5.“'I gives the crack growth characteristics of two T-joints,
one tested in air and one in aeawater(g), a simple K joint(s) and an
overlapping K Joint(s) half. As previously reported by Dover(“,
crack initiation in a T-joint subjected to axial loading occurs at
the saddle sites in chord material and occ'zupies approximately 10% of
total life. Other work, being generated as part of the UKOSRP II
programme, does show a variation in both the initiation life and time
to through thickness cracking. The data in this programme will
greatly increase the data.‘oasé on crack growth behaviour and will be
published in the open literature in 1981”). After initiation,
through the thickness cracking occurs steadily such that halt
thickness cracking occurs arcund 70-80% of total life. It is evident
from figure S.1. that simple X joints and T joints both in air and
seawater appear to behave vary similarly with regards to crack
initiation and crack growth through the thickness. Included in
Figure 5.1 is an example of crack development in an overlapping
K-joint. 'his shows that initiation takes approximately 30% or more
of total life and through thickness cracking develops quite late as
1llustrated by the crack depth being less than 25% of the thickness
for 75% of total 1life. This variation in crack growth is also
reflected in the aspect ratio as illustrated below. It should be
noted that in this case cracking occurred in the brace member and not
in the chord. With overlapping K joints, the position of cracking
can vary from either chord or .brace dependent on stress level,
atiffness of chord merber and degree of overlap. Figure 5.1 serves
to 1illustrate the possible differences 1in crack growth
characteristics between different joints. Of p‘articular importance
is the fact that for simple joints cracking appears to occur steéxd.tly
throughout the 1life of a 3joint but for more complex joints,
initiation occuples a much larger portion of total life but once a
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crack is established cracking proceeds rapidly to failure. This
illustrates the fact that more attention to a complex joint should be
made once cracking is established as the time to failure is much less
than for a T-=joint. Obviously, the actual number of cycles to
failure is dependent upon stress range and size of joint. It should
be noted that none of the studies!3s4+5+6)
development through the thickness in terms of the normalised

suggest that crack

endurance is affected by applied stress levels.

Crack development through the thickness

As suggested in section 5.1.1, the development of the crack aspect
ratio is an important parameter when assessing fatigue iives of
tubular Jjoints. If a reliable database on crack development in
tubular joints can be established, it then becomes possible to
estimate the level of crack penetration through the thickness from
the length of  observed surface cracking. This is particularly
attractive in the offshore world where reliable detection of surface
cracks can be achieved througﬁ MPI.

With respect to surface crack length, Gibsteinca) suggests that 1£
increases linearly while Dovar(4} believes that a sigmoidal growth
occurs. Clayton's analysis of the UKOSRP I data suggests that
something between the two occurs dependent on whether a shallow or
deep crack {s initially formed.

Clayton(1)
showed that after an initially low aspect ratio at short crack

also analysed the aspect ratio of the crack. - The analysis

lengths, a mean ratio of 0.15 corresponding to a total surface crack
to crack of 13:1, develops throughout most of the fatigue life.
However, due to the development of the menitoring system, most of the
data is believed to be unreliable and subject to considerable =catter
as shown in Figure 5.2. The findings should thus be treated with
caution.

Bowever, . since the publication of references (1) and (2{ more
reliable information on crack development has become available.
Dover(S) has recently published some interesting data for both Y
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joint air tests and some, seawater T-joint tests. Pigure 5.3
reproduced t:om reference( ) shows the aspect ratio for the Y-joint
tests verses the normalised crack depth. The results show a fair
degree of scatter at shallow crack depth but ruch greater consistency
once the crack has penetrated 40% of the wall thickness. The scatter
at shallow crack depths is a consequence of multiple crack initiation
early in the test such that relatively short cracks appear which
subsequently coalesence to produce long shallow cracks. The greatest
inaccuracy of the monitoring system will also occur at short crack
depths.

Once crack coalesence has occurred, it can be seen that the cracks .
develop at an aspect ratio between 0.07 and 0.10 tending towards a
fiqure of around 0.10'as through thickness cracking is reached. This
is equivalent to a minimum surface crack length to depth of 20:1.

Dover also includes in the same reference some data on aspect ratios
for stress relieved T-joints tested in seawater with .cathodic
protection. These result; are given in Figure 5.4 and apart from cone
test result at shallow crack depth, indicate a maximum aspect ratio
of 0.2, equivalent to a minimum total surface crack length to crack
depth of 10:1. ‘These results indicate that the way a crack develops
is dependent either on the gecmetry or on the mode of loading the
Y;joints' having been subject to  in-plane bending. " At present, the
database for aspect ratios is limited but the publication of results
from at least four large test programmes on tubular joints in 1987
will increase the amount of data available and hopefully give details
of crack development for each type c;f joint c.geometry. It should also
highlight whether the aspect ratio is dependent on the type of
loading the jcint experiences.

Table S.1 gives an indication of the type of infomatio.n that is
required in this type of analysis and which will become available as
the details of the test programmes become available. °Given in the
table are the crack lengths and depths and the derived aspect ratio
of two doints, one an axial loaded T-joint tested in air and the
other an overlapping K~joint subjected to balanced axial loading.
The data is also presented graphically in Figure 5.5. A similarity
to the data given by Dover is evident in that a high scatte-r in
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aspect ratio is seen early on followed by a much more consistent
value once the crack has penetrated 40% of the wall thickness. The
T-joint in air gives a maximum aspect ratio of 0.16 and keeps to this
shape for the second half of its life to through thickness. This
high degree of consistency is encouraging for developing a database
on aspect ratio values for different joint types. The (.16 aspect
ratio represents a minimum surface crack length to depth ratio of
13:1, which is in close agreement with Dovers value of 10:1 for a
T-joint in seawater. The resuits from the overlapping K-joints show
a clear difference in aspects ratio with a maximum of 0.057 being
recorded, equivalent to surface crack length of 35:1. The crack
generally appears to proceed at a ratio of around 35-40:1 to through
thickneas. Thus a clear difference in behaviour is seen for
overlapping K-joints in that initiation apparently occuples a longer
period of total life and that through thickness cracking occurs
rapidly after this. However the cracks develop at a far smaller
aspect ratio equivalent to surface crack length to depth ratio of
approximately 35:1 thus ‘aiding detection once cracking is
established. ‘

Fatigue crack growth data

The concept of fatigue crack growth via fracture mechanics
agsessments Iis comprehensively dealt with in section 6.3.
Fundamental to the assessment is the crack growth law and associated
constants which are empirically determined. The purpose of this
section is to give a limited review and key bibliography of these
constants and to .update the model for fatigue crack growth in
seawater with cathodic protection as this 1s the most appropriate
environmental condition for subsea components.

A great deal of data on crack growth rates under various
environmental conditions was generated by the UXOSPP I programme and
a summary of the results are given in referenc#s (2) and . {8)., Tests
were carried out on through thickness cracks using Compact Tension or
Single Edge Notch type specimens with axial locading. Material tested
was to BS4360 50D steel. The UEG design guide(z’ gives a good
gsummary of this and other published data and figure 5.6 representing
crack growth data in air is reproduced from this publication. All

the data has been assessed using Paris' Law,
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da/. = ¢ (a0 - (5.1)

dN

where C and m, the materials constants are the intercept and gradient
of the presented line respectively.

There is quite a variation within the’ value of C and m quolted

A "although a mean line for air has generally heen accepted as

1 (5.2)

3.0
da/(m = 1.00 x 10 (AK) .

on three poi;xt bend
specimens gives an upper bound very similar to this;

A recent study at the University of Glasgow(g)

"8/, = 1412 x 10 M (agy 2°92 (5.3)

. Testing in seawater, with and without cathodic protectioh complicates

the picture and a higher :degree of scatter ensues. This 1is
illustrated by Figure 5.7 sfxowing the crack growth for 50D steel in
seawater at a potential of - 0.850V. As indicated in Section 6.3,
the problem is confused further by the possibilities of interaction
between the various parameters. The conclusions from these studies
show that the crack growth of freely corroding structural steel in
seawater is described by an upper bound six times the growth rate in
alr. High R ratios were found to increase the crack growth rate.
Cathodic protection had a variable effect on crack growth rate
dependent on level applied. At =~ 0.850V with respect to the Ag/AgCl
cell, a small decrease in growth rate relative to seawater was
observed but over protection resulted in higher crack growth rates
than for unprotected air.

One of the major disadvantages of the Paris lLaw is that it is only
vaiid at intemediatev crack growth rates (see below). Near the
threshold (low AKX values) there are many cycles where predictions may
be over=conservative. In addition the Paris La; should also not be
used where crack growth is predominantly at high rates (high AK
values), as predictions will be non-conservative. Alternat:.l.vely,
injudicial selection of a AX threshold value could lead ¢to
non-conservative predictions of crack grcwth“o’ in the region I area
of crack propagation.'
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An advance on the Paris crack §ro§th model has come from a major
study into the fatigue of steel structures at Southwest Research
Institute(11). They propose a basic crack gfowth law of three terms
which is illustrated in Figure 5.8. The individual terms of the

equation account for the growth rate in the principal regimes,
I = near threshold
II =~ intermediate growth rate

and III - low cycle fatigue regime

and has the form

{5.4)

1 1 1
da/ - + -

n m
an M ax c[1-RiK]

I 11 Il

SWRI in their review of available data derived crack growth constants

for offshore steels under 6 sets of conditions. These were;
1. Air environment, low R

2 Alr en?ironment, high R

3. Seawater environment, free corrosion poéential,'iow-k
4. Seawater environment, free corrosion potential, high-R
Se Seawater environment, cathodic polarisation, low=-R

6. Seawater environment, cathodic polarisation, high-R
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The constants, reproduced in ﬁble 6.2, have varying degrees of
confidence. ‘Growth in air is well researched and can be predicted
with a reasonable degree of assurance, whereas growth in seawater
with cathodic protection is less well understoocd. The constants have
been selected in most cases to give a near upper bound to the test
data. 1In all conditions, the three component model ylelds improved
estimates of fatigue life. Furthermore, it illustrates that correct
selection of crack growth constants for the conditions pertaining at
the area of interest is necessary to improve the accuracy of any
defect assessment. For instance, if potential levels at the joint of
interest have been raliably measured, it is important that the
correct constants are chosen as different rxates occur for under,
optimum and over protection.

A recent publication“z) compares the fatigue crack growth data of
both the UEG guide and SWRI. This dx;awi the conclusion that
generally different data has been examined and that SWRI have
‘weighted’ certain ’data as' more significant, correctly in some
instances with respect to frequency of loading but have ignored
without justification apparently authentic data generated by UKOSRP
I. This is particularly true for seawater data at low R with
cathodic protection. As these are very pertinent conditions for the
North Sea, the data for this condition has been reviewed.

Por the above condit".:lon ie. seawater with cathodic protection at low
R ratio, the SWRI law/data shows an unusual plateau at high stress
intensity factor ranges, Figure 5.9. The existence of this plateau
has not been confirmed in all laboratory tests and its validity is
open to question. Of prime concern is -that the data of
Vosikovsky“a)which shows this plateau effect, has been weighted as
being of more sigificance. This has resulted in the introduction of
a fourth constant term to the crack growth law. This constant is’

" simply the reciprocal of the plateau crack velocity ie. 1/ 1 0-6.

Ll
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1n introducing this constant, SWRI have ignored data not only from
UKOSRP I but also from Vosikovsky at a rate > 10 -sm/cycle.l This
point was recognised by SWRI who suggested that an additional term,
similar to the first two terms but with different constants would be
required. A review of the SWRI and UEG data has been carried out and
updated the crack growth law for steels in seawater with cathodic
protection at low R ratios.

This new crack growth law, plotted in Figure 6§.23 has the form:

11 1 1 ot . 1 (5.5)

ot ] n P2
da/aN A AR ca®  c[t1-mx J7 AR

B2
Az[(l-R)KIc]

The values of the éonstants are given in Section 6.3.3. This new law
is still similar to those originally derived by SWRI but has
introduced an upper intermediate cracking regime. This takes
account of both the tendency to form a plateau crack velocity and the
additional data at AK's between 8 and 80 Mpa/m occuring above the
plateau. Hence it prevents the non-conservatism introduced by the
large constant value and the over conservatism that would have
occurred for this condition 1if the original SWRI single region II
term had been used for crack propagation.

Although thls new érack growth law (Equation 5.5) appears somewhat
more complicated that the Paris raw, in essence it is the same and is
simple to use. The crack growth rate is computed at the levels of AK
of interest by simply substituting this into the variocus parts of -the
equation with the appropriate constants. 1In using Equation 5.5, four
additional simple calculations are made vhich greﬁtly enhance the
confidence of the fatigue crack growth assessment and prevent the
non-conservatism and over conservatism discuassed above and give a -

safer interpretation of the life of a joint.

The approach to updating the information on ;rack growth was to
digitise the existing data for UEG and SWRI together with some
additional 1n£ormation(14) and re-plot in a single figure. SOm; SWRI
data was excluded for the following reasons:
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18)
Data generated in region I by Bardal et alt at low stress

intensity factors. No additicnal data in this region is, to our
knowledge, available and the constants produced by SWRI remain
valid.

\nny experimental data derived at frequencies outside the range
0.1 - 0.2 Hz. Frequency of testing has an important effect on
fatigue in seawater, therefore only data generated at the

frequency relevant to offshore structures haa been assessed.

Cne important aspect of the updating is that crack growth rates
at cathodic protection levels of ~0.850V and =1.1V have been
included. The former represents the level at which corrosion
protection is normally -achievad, the latter a degree of
overprotection. Whilst there is almost certainly a difference
of crack propagation rate between the two levels of protection,
use of an upper bound approach will give a conservative but
realistic crack growth law for a seawater environment with
cathodic protection. This results in the crack growth rate of
the new law being, over a small range of AK'S, greater than the
rate in freely corroding seawater. This is explained in terms
of the applied potential enhancing fatigue crack growth at
potential more negative than <=0.7V due to the corrosion
mechanism being moved towards hydrogen embrittlement.

Of the new fatigue crack growth law, region I cracking remains
originally as proposed but the validity is extended slightly to
enccmpass some of Vosikovsky's data at stress intensity factors
less then 10MPa/m. This results in a slight adjustment of the
constants in the lower intermediate (region II) regime followed
by the extra term for the upper intermediate region as. discussed
above. ‘The fourth and fifth terms of the law, which take the
form of 1 — account for crack growth in the upper

afo-mx, 14
(region II1) regime where rapid crack growth takes place as

-
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instability approaches.  These terms are in fact of the same
format used for region III crack giowth under air and freely
corroding conditions but the addition of an extra term in regilon
TT necessitates an extra growth term in region III. The choice
of R = (0.2 and Kc =250 MPa/m results in the region III crack
growth extending exponentially as AK approaches 200 MPa/m. This

 part can be adjusted if more appropriate or accurate data is

produced i.e. all crack propagation data at R=0.1 is available
and the final value of material toughness at the onset of
instability can be satisfactorily determined. '

In a brief review of other fatigue crack growth FRLLY 17), it
is clear that the tendency to form a plateau or at least produce
a change in slope of the da/dN versus AK curve, highlighted by
SWRZ, is not an isolated occurrence in seawater testing. It is

evident in the data from UKOSRP I(z’for geawater tests with

‘cathodic protection and is very marked in some recent work by

(i for tests in 3% NaCl soclution

containing various poisons that prevent the hydrogen evolution

Cowling and Appleton

reaction and promote adsorption of nascent hydrogen into the
metal and increases hydrogen embrittlement. The evidence
available sﬁggests that the phenomenon does not occur or is not
as marked in freely corroding seawater but is most in evidence
for cathodic protection. '.ﬂ::e change in gradient always appears
to occur at around 7.10 ®m/cycle for frequencies of 0.1 = 0.2 Hz
but is shifted by changes in frequency outside of this range.

The yeason for the change in slope is difficult to understand
but obviously reflects a change in crack growth mechanism at
this propagation rate. The fact that it appears to only occur
in seawater, possibly only under cathodic protection, suggests
that it also involves a change in the corrosion mechanism but
why it should also be affected by the frequency is difficult to
reconcile. It is recommended that this potentlially interesting
observation be examined further.
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Additionally it is recommended that the five part growth law
should be used for accurate but congervative assessment ot
fatigue crack growth in seawater with cathodic protection and a
low R ratio. An additional refinement to the law could be
achieved by separating the two levels of cathodic protection
potential and determining whether any gignificant differences
occur. Additionally similar reviews of air, freely corroding
and cathodically protected conditions at high R ratio could be
performed to update the constants and continually improve the
laws originally proposed by SWRI. Hence, if an accurate measure
of the cathodic protection potential can be made, the
appropriate database on the six sets of conditions that clesely -
approximates those experienced offshore can be used to calculate
the fatigue propagation rate of any defect discovered or
postulated.

'~ For pipelines, fatigue loading arises from pressure variations

in operation, surges leading to a damped mode of oscillation,
low frequency cycles associated with start up and shut down and
thermal loadings associated with changes in temperature. It is
thought that the latter within the North Sea will be very minor.
For pipelines, an internal defect subjected to Afluctuating
stress experiences a different environment than for sgteel
structure ie. a crude oil or gaseous environment. For these
conditions, a different set of information is required le. the
crack growth constants within crude oil or gas. The data
generated by VOsikovsky(1a) and by Vbsikov;ky and Rivard(19) is
useful for this purpose. They carried out fatigque crack
propagation studies in X65 line pipe in crude oil subjected to
various concentrations of st approximating from 1ppm to
saturation level of 4700ppm. It is reported that the maximum
acceleration of growth rate relative to air was 3 times at the
low st content and 20 times at saturation level when compared
to air propagation rates on similar materi&l(zo). The results
are shown in figures 5.10 and 5.11. For testing in crude oil
with the low level of H_S, Figure S.10, the growth data in

2
the low AK range fall on a common curve for all frequencies,



B SR . L i v - ;o 1

s I wnne B ey IR men BN oowg

L.}

L3 L1 L)

[ move IR veee IR owvwn T oo SRR ot B acumy Y st L st S omod ) ot [ s

- 5.14 - .7 Yo 109/86A

with a slope higher than that in air (m.- 4.67 versus m = 2.82).
Below AK =18 MPa/m the growth rate in crude oil is .lower than
that in air and the data indicates that the threshold limit
could be significantly higher. At higher AR, the cracks in coil
grow faster than in air with a maximum acceleration of 3 times
compared to air.

With a higher ,concentra'tion of st a much higher increase in
crack growth rate occurs compared with air, Fiqure 5.1t. The
slope for this crack growth curve below AR = 20MPa/m is 6.3
indicating a very high dependence of the. crack growth rate on
AX. Above 20MPa/m, the curve runs approximately parallel to the
alr date. It 1s interesting to note that the c:hange in slope
again occurs around a crack growth rate of 10 m/cycle as was

observed for testing in seawater. In a later study,”g,, the

) fatigue crack growth in varying concentrations of st were

further determined. It was found that with st concentrations
greater than 350ppm a change of slope again occured at 1.4 x
10-6m/cyc1e and that the two segments of the line could ba
described by the Paris equation. For the.lower .segment of the
curves, the constant m averaged 6.4 and the constant A was found
to be linearly dependent on st concentratf.ion,

A=T.2x 10000 x (B,S concentration in ppm) + 3.4 + 10718,

The upper parts of the curves { -g—; ? 1.4 x ‘Iﬂ-6 m/cycle) are

are linear at st » 350ppm and the slope n = 2.7.

For comparison, the constants for air and plain crude oil at 0.1
Hz are given in Table 5.3. Note that an adjustment in the air
slope is given at AK = 20MPa/m.
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The conclusion from this work 4is that the environmental
enhancement of fatigue crack growth rates in sour crude oil
depends primarily on the hydrogen-sulphide content of the oil.

At high B_S concentrations (>350ppm) substantial crack grawth

2 :
enhancement occurs at intermediate and high stress intensity

ranges.

At low st concentrations (<350ppm) a substantial growth

‘enhancement occurs in the intermediate AK range.

At low AK, close to the crack-growth threshold, oil appears to
be less aggressive than air and with low st'concentrations

produces lower growth rates than air.
5.2 Miscellaneocus Databases

mis section covers those additional areas of information required in the
!orml of databases, to carry cut a defect assessment/inspection
rationalisation. Two typical. areas of supplementary data necessary are
material toughness information and.levels of residual stresses to be found in
as-welded and post weld heat treated tubular joints.

5.2.1 Material Toughness

1. Parent plate

In assessing the stabllity of cracks in steel structures in.
addition to determining the crack driving force as illustrated

in Section 6.4, it is also necessary to have a measure of the

materials resistance to’ fracture. In an idealised situation,

this toughness would be the 1nitiation‘toughness for fracture

measured by a suitable test such as the crack tip opening
displacement (CTOD) test for each steel plate supplied together
with its exact location in the structure. However, with respect

te North Sea structures, this information is rarely available

due top
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(1) CTOD testing .not heing a common place requirement in
specifications at the time of steel production. This is

particularly true of pre-~1979 structures.

(i1) chumentation of earlier structures is also unlikely to be
complete such that neither all the material certificates
nor all the exact locations for steel plates in the
structure can be traced.

Hence, -the data gvailable is in the form of Charpy V impact tests at
a test temperature less than that of application. For the basge
material ie. parent plate, the toughness is usually available as
three individual results on the mill certificates. The best approach
here is to tabulate the data available from each individual mill
sheet for each tubular joint and joint locations eg. stub or chord
together with additional useful information such as plate thickness,
yield and ultimate strength and steel supplier, as usually more than
one supplier is involved. An example of the type of tabulation
required is given in Table 5.3.

In addition it is recommended that each individual Charpy test for
thickness and steel supplier 1s tabulated and a summary of the mean
and standard deviation recorded as shown in Table 5.4. In scme
instances, this information may already be available from the
supplier as part of his production histograms. An example for Charpy
impact results of BS 4360 SOE steel currently supplied by NKK 1is
given in Figure 5.12. This approach allows the question of material
toughness to be considered in a number of ways dependent on the
amount of data available.

- As an average for material thickness and steel manufacturer.

- As minimum/maximum values for the above categories

-

- As a mean value * x standard deviations where a probabilistic
approach could be taken

- As individual precise values for Jjoints and Jlocations of

interest.
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Alternatively, the approach can be a combination of the above such as
use of the individual ,precise values at po:l.nts‘ of interest but vwhere .
the required data is absent, use of the database allows a
probabilistic approach to be taken to give, saf, a 95% confidence
limit for determined toughness values. o

In addition to the mill sheet data, further information on the
material toughness can be sought from a number of different areas
such as the steel manufacturers, a search of the literature for -steel
of the relevant era and a review of the original material
specifications., This has two purposes, (a) to increase background
information on the nature of the steel so that any approximation to
the level of toughness to be expected can be based on firm knowledge
and {b) a requirement to relate the toughness data given on the mill
gsheets to the temperature -of interest, usually =10 or 0°C. To
achieve the latter, it is necessary to either obtain CroD values of
similar steel or charp-y transition curvea of similar steel.

The problem arises in that parent plate material toughness data for
steels of, say, the nid-1970'§ is d4ifficult to obtain due to the
toughness generally being greater than that of weld metal and HAZ
and, therefore, being of "little concern in comparison. It is
possible that the steel manufacturers concerned may have records of
material properties carried out in production trials which would
contain Charpy transition' curves but it is known that some
manufacturers destroy records after 5 years. Scme CTOD data measured
on parent plate for the UKOSRP I programme(zn is available but
differences in calculation procedures prior to the issue of BS 5762
in 1979 lead to overestimates of toughness- and the data has to be
disregarded.

Information supplied after that time will be relevant. ,Howew}er, it
s'hould be emphasised that improvement in steel manufacture over the
past 15 years has led to significant mprovements_in steel toughness.
Thus when obtaining additional information for an assessment, it
should have a similar composition, yield strength and Charpy
toughness at the same temperature as for the steel in the structure
of interest. For example Figures 5.13 and 5.14 illustrate Charxpy
transition curves for two steels, both to BS 4360 50D steel.
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Figure 5.13(22) is for 63.5mm thick normalised BS 4360 50D steel
supplied to BP for the Forties Field and gives the mean Charpy impact
energy at various temperatures. Figure 5.14 1s for 50mm steel
currently available from NKK where a great improvement 1ﬁ toughness
is evident particularly in the transverse direcﬁion. Table 5.5 gives
the chemical composition of the two steels and shows that the
reduction in C and S levels in modern steel practice has brought
large benefits in terms of toughness without a reduction in
strength.

Having obtained either the actual material's Charpy transition curve
or an appropriate curve from the 1literature, it then becomes
necessary to convert the Charpy values recorded for each joint from

their test temperature to the temperature of interest.

To use the examples of Table 5.3, these were recorded at =40°C and
FPigure 5.13, an appropriate Charpy transition curve for this steel
shows that a shift in temperature from -40 to 0°C improves the impact
value from 583 to 923, a factor of 1.59. Hence, ~all the impact
values of the joints of-interest can, on average, have an increase in

toughness from that recorded to that in service by a factor of 1.59.

This approach should however be used with caution. For the older,
mid = 1970's steels it is appropi:iate as most steels used would have
been in the lower .to mid transition range at the temperature of test.
However, some of the later supplied steels have much improved
properties and exhibit upper transition or even upper shelf behaviour
at =40°C. In these instances use of a transition curve to correlate
results at =-40°C to 0°C by use of a transition curve conversion
factor could well lead to overestimates of the level of toughness at
0°C because a large increase in toughness cannot be expected. In
these instances, the best approach is to use the original Chazpy °
impact values given in thé mill certificates. This will introduce an
element of conservatism into the calculaticns as a small increase in
toughness will result with an increase in temperature. The instances
where this approach will need to be taken will be few as the general
increase in material toughness was accompanied by an increase in
specifying CTOD toughness data such that many of steels supplied
since 1980 will have CTOD values, determined usually at -10°C, and
these can be directly used in any crack stability assessment.
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| 2. ggientation

L. The toughness data recorded in the mill certificates is usually for
D Charpy specimens located in the transverse orientation ie. it
| represents cracks located parallel to the direction of rolling. 1In
D " some instances cracks in the structures will be located in the
direction transverse to the rolling direction (the longitudinal
Charpy direction). However, for the assessment of crack stability,
n it 1is recommended that the transverse toughness data should be
exclugively used for two reasons; .
[ .
a) Longitudinal toughness data. has not usually been msasﬁred on the
ﬁ steels supplied and limited additional data is avallable.
[
[
I
[

-
-

b) Transverse data is conservative in comparison to longitudinal
data.

3. Heat Affected Zone Data

A further database of toughness information is required for the heat

affected zone. One source of toughness informatidn is to examine the

welding procedure qualification test results for the components under

. interest and tabulate the toughness results. Examination of the

[] welding production tests for the same procedures will increas§ the

database of the HAZ and allow a mean value to be determined for each

: B level of appropriate thickness. If these results are not CTOD

values, which is very unlikely, there are two alternatives to dealing

with the ‘Charpy impact results. The first approach is similar to the

D parent plate approach and converts the toughness recorded at, say,

«40°C to 0°C via Charpy transition curves. These curves are unlikely

ﬂ to be available within the - documentation of the structure but a

considerable amount of data for HAZ toughness relating to BS 4360

D 50D/E and 40D/E steels exists within the J.iterature(zs'zn. These

give impact transition curves for different stryctures, heat inputs

n and consumables. Examples are given in Figures 5.15 and 5.16 where

lower bound transition curves have been added irrespective of the

n heat input. Wong and Rogersonus) in a study of the probabilistic

' !actors' involved in fracture of offshore structures produce mean and

E standard deviations of toughness measured by Charpy impact and CTOD
[

test data for a variety of welding methods at various temperu:tures.
This is reproduced in Table 5.6.
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The alternative approach is ‘to' examine the level of toughness
obtained in the HAZ in conpar.;ison to the parent plate material. It
is nearly always found that the HAZ toughness is significantly lower
than the parent plate. If a consistent degree of reduction in HAZ
toughness compared to the parent plate is evident, a reduction factor
can be determined for each level of plate thickness and the toughness
at each structure component/joint reduced accordingly to give the HAZ
toughness. This obviates the use of Charpy transition curves.

Once the toughness has been obtained at the temperature of interest,
a crack stability assessment is carried out as outlined in Section
6.4. This derives a crack driving force curve for a number of crack
depths in terms of éepp and the material toughness ac is compared to

. this. Cbviously, if the toughness available is in the form of Charpy
. impact values, a further correlation is required to convert this into

the material's critical CTOD toughness. The procedure for this is’
outlined in Section 6.4.3.

Residual stresses

Rasidual stresses in welded components arise directly from the
localised shrinkage associated with the cooling down of ‘hot weld
metal which is restrained either internally or externally by the cold
sections of the fabrication surrounding the weldment. The residual
strasses are the result of plaetiq deformation due to severe thermal
stresses arising because the temperature distribution in the body le.
fabrication will be far from uniform. While the body is hot a
compatible system will exist between the plastic and thermal
deformations, but in the  course of cooling the thermal strains
disappear and the plastic deformation remains. By themselves,
however, these plastic deformations will not satisfy the
compatibility conditions so that a residual stress system is formed. .
More detailed descriptions of what is in fact a highly transient and
complex process that leads to the formation of residual stress fields

can be found in references 26 to 30. -

The size and consequently the effect of the residual stress field 1is

affected by a number of variables. These include material
properties, material ‘thickness, degree of restraint, weld

preparation, welding process and welding parameters. The level of

‘'yield stress restricts the level of residual stress formed whereas
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the welding process and parameters together with the material
thickness and weld preparation also influence the level of stress by
affecting the degree of restraint. A high degree of restraint limits
distortion and gives rise to high residual stress. This in turn
greatly increases the risk of failure as high tensile zresidual
stresses can greatly increase the crack driving force on a defect
such that this exceeds the material fracture' resistance and crack
(29) that the
formation of residual stresses can have a deleteriocus effect on

instability occurs. There is also scme suggestion
material properties and a reduction in the resistance to fracture.

Thus in mak;nq an assessment of the significance of defects in welded
Joints, whether in weld metal or HAZ, it is necessary to make

allowances for the residual stresses caused by the weld., In a review

of the origin and nature of residual stresses, Parlane‘zs) gives the
typical ‘traditional' residval stress distributions for longitudinal
and transverse surface directions and the through thickness
transverse direction. These are given in Figure 5.17. Figure 5.18
illustrates the location of defects/fatigue cracks at a weld toe
similar to the situation of concern within the current study. This
shows that the traﬁsverse through thickness residual stresses are
those which will act on the crack tip and hence it is this residual
stres§ field which is of concern. Figure 5.19 gives the generally
accepted through thickness residual stress patterns for single sided
and double sided 'V' butt weldstao). However, despite these
‘traditional' and generally accepted residual stress patterns,
experimental verification 1s not apparent and a review of the
literature does not confirm these patterns. The main reason for this
is that the measurements of residual stresses within welds is not a
particularly easy task and a large experimental effort has gone into
the measuring techniques rather than determination of residual atress
patterns.

In measuring residual stresses, a number of techniques exist all of

which have advantages and disadvantages. Although carried out in

1977, the work of Parlane(31) gives a useful summary of the
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techniques available and later work by Leggatt of the Weldinq
Institute (32, 33) ives further information on the techniques
available. It is clear from the literature that measurement of
through thickness regidual stresses is of particular difficulty due
to the time consuming and expensive nature of the techniques
available, the destructive nature of the procedure and the difficulty
of removing specimens without releasing the residual stress field.
This has resulted in very few attempts at measuring through thickness
residual stress patterns. |

This is Qdisappointing as frequently welding defects or crack like
defects of partial wall thickness depth need to be asgessed in terms
of stability when subjected both to membrane stresses and some level
of residual stress. Hence it has been customary to assume that the
residual stresses in a weld which has not been post weld heat treated
to be tensile and of yield magnitude. This clearly cannot be true as
an essentlal feature of the residual stress field is that it is
self-equilibrating. . Thus, if the residual stress distribution is
known the accuracy of any fracture assessment can be :I.mproved( 34).

Unfortunately, within the literature, very few examples of measuring
the through thickness residual stress can be found although there is
some recent work on measuring the through thickness residual stresses

remaining after post weld heat’ treetmentuz). In the as-welded .

conditions some very early workus, \ising hole drilling and cutting
and slicing techniques gave an almost random di:etribution in the
transverse direction with both tension and compression peaks of =
:!Sonfmm2 ccurring. In a study of fatigue crack propagation, Truchon
et a].(36)
patterns in their welded specimens using the X-ray technique. Their

took the _troubie to actually measure the residual stress

results, reproduced in Figure 5.20 show that in the region of the
HAZ, high tensile surface stresses occur but that through the
thickness high compressive stresses (230N mm?) exist, balancing the
tensile residual stresses measured on the surface.of the specimen.

These results are in agreent with some very recent work cerried out
by Leggatttsz) on the effectiveness of post weld treatment in
alleviating residual stresses. This work also shows thet in the

transverse direction compreseive stresses exist through the thickness
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balanced by tensile stresses at the surface. an example of the
results from reference 32 is given in Figure 5.21. Note that the
stress levels in Pigure 5.21 are much lower than in Figure 5. 20,
indicating the effectiveness of post weld heat treatment.

The level of residual stress found by leggatt after PWHT at around
50N/mm? is also in agreement with the X-ray technique work where an
additional study showed that PWHT at 580°C resulted in very low
stress (= 30N/mm2 e

A very recent tudy(:”) attenmpts to experimentally measure residual
stress distributions in welded tubular 'I.‘;-joints by the block
sectioning and layering techniques. Three T-joint specimens were
examined and the through thickness residual stress datermined at
three points around the weld toe at both crown and saddle points for
each specimen, This is illustrated in Figure 5.22. The authors
report that a study of the detailed results reveal no consistent
trend across the weld toe in a.ny trio of diatributions taken at a
given location. Therefore, the mean distribution obtained from each
trio has been presented to glve through-thickness distributions of
trangverse stress (normal to weld) and longitudinal stress (parallel
to the weld), representative of conditions at the weld toe. The
results from this exercise are reé:::oduced in tigufe 5.23. Values of
residual stress on the chord inner surface, determined by centre hole
drilling at the weld toe section are also shown, marked by 2 dense
spot. It should be noted that the authors claim a standard deviation
of 80 N/mm for the mean residual stress distributions hence, the
results shown in Figure 5.23 do not have a high degree of accuracy.
However the stress distributions obtained do follow the patterns
generally accepted for through thickness residual stresses and the
authors should be commended on'attemptin'g such a Aifficult and time
consuming task.’

The experimental results for the different studies above would seem
to confirm that taking a fully tensile stress at yield level for a
welded joint is a very conservative estimation of the residual stress
contribution in any defect assessment/crack stability calculations.
They alsc show that assuming a tensile level of 25% of yield to be

(34)

remaining after PWHT is also conservative. Thus it can be argued
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that the residual stress éoe§ to zero and then becomes compressive at
some point through the thickness. There is some evidence to suggest
that a tensile force also exists on the inner surface so that a
pattern similar to that in Pigure 5.19(a) exists. However, without
more detailed study it is difficult to put firm values on the peak
stress levels and a mathematical description to this residual stress
pattern. On the other hand it is also clear that teo use a constant
tensile stress level equal to the yYield stress is very conservative
and a sensible compromigse would seem to be to assume a residual
stress pattern that is of tensile magnitude at the surface of
cracking and reduces to zero at the opposite surface as shown in
Figure 5.24. This would increase the accuracy of the crack stability
calculations while maintaining a degree of conservatism. The
literature would also seem to suggest that takihg a similar stress
pattern to that in Figure 5.24 but with the peak stress reduced to
25% of yield for post weld heat treated joints will maintain a degree

of conservatism in crack stability assessments.
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N(x 10°) 2¢ a a/t a/c 2c : a

9 37 3 .09 «16 12:1
9.5 44 3 +09 «14 15:1
10 90 4 «125 «09 23:1
10.5 101 6 «19 12 17:1
11 152 9 «28 «12 17:1
11.5 188 13 «41 «14 14:1
12 211 16 5 «15 13:1
12.5 243 . 20 263 «16 12:1
13 281 21 +«66 «15 13121
13.5 21 25 +78 16 13:1
14 354 29 88 + 16 13:1
14.5% 398 3 97 +16 13:1
18 419 32 1.09 15 13:1

T=Joint Axially lLoaded in Air

Chord Diameter ‘= 914mm frhom = 46.19

Chord Thickness = 32mm

Brace Diameter = 457mm SCF = 6.5

Brace Thickness = 16mm Hot Spot = 3oq N/tm2

N{x 105) 2¢c a ‘/t a’/c 2c ¢ a

8.28 180 3.00 .38 033 60:1
9.23 190 4.8 «60 «051 39:1
11.43 210 6.0 «75 «057 35:1
13.00 236 6.5 «81 «055 36:1
14.32 260 6.8 +85 +052 38:1

Overlapping K balanced axial loading.

Chord diameter =
Chord thickness = 16mm
Brace diameter =
Brace thickness = 8mm

457mm

244mm

from = 102 N/m2

Failure in brace

TABLE 5.1

ASPECT RATIOS OF TWO TUBULAR JOINTS TESTED (REFER#NCE €)
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0il

(R L 0005)

0il

With 0S8

Lower

n = 3.5

-12
C= 1.3 x10

Lowar

n= 4.8

-14
C= 2.7 x 10

n=§4

-1

9 .
C=7.12 x 19 (Hy8 conc (ppm))
+ 3.4 x 10

C=5,2 x 10

Upper (4K320 MPa/m)

n=2.5
11

Upper (4AX>34)

n= 1,9

=10
C=7,3x 10

Upper (AKX >20)

n= 2.7
C=6x 10

(st »350 Ppm)

FATIGUE CRACK *

TRBLE 5.2

GROWTH CONSTANTS POR X~65 LINE PIPE STEEL SUBJECTED

TO DIFFERENT ENVIRONMENTS: . (REFERENCE 19) .
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JOINT | cHORo/[THICKNESS| STEEL cv4 @ -40°C cv4 £, (10 | g (1) £, frrate | pamr {e
NUMBER| STUB SUPPLIER zwran zwss Wim? | NUMBER N/
1 s 50.8 |Company A| 85, 87,88 96.3 | 351.5 | 493.25 | 422 |834a16/1] wmo | 351.5
112, 109, 107
. 2 s 50.8 |Company A| 100, 123, 124 | 97.5 | 366.75 | 515.25 | 441 8342471 wo | 366.75
M, 70, 77 .
3 s 50.8 |company A| 87, 93, 90 - | 85.67 | 375 506 440 |e3432/71] wo | 375
4 c 63.5 |company B| 54, S0, 53 52.33 | 314 482 398 430201 { ves | 7s.5
, 5 c: 63.5 |company B| 51, 58, 68 59.00 { 317 494 406 101101 | Yes | 77.2%
6 c 63.5 {Company B| 41, 40, 42 41 307 489 398 430401 | ves | 76.75
7 8 38.1 |company B} 42, 131, 65 79.3 | 167 539 453 960701 | No | 367
8 s 36.1 |Company B| 135, 175, 103 |137.67 | 369 529 449 210101 | mo | 369
: 9 s i company B| 56, 87, 48 63.67 | 358 525 442 |210401 | wo | 3ss
- 10 C .| 44.5 |company A| 96, 98, 89 | 82.3 | 367 511.75 | 440 |83419/1] wo | 367
70, 68, 73
1 c Company a| 94, 83, 87 85.67 § 371.25 | 512.25 | 442 |83433/1] wo | 371.25
78, 87, 85 .
12 c Company A 103, 94, 106 | 99.3 | 346.75 | 494.75 | 421 |e3427/1| wo | 346.75
99,103, 91
(1) For Company A, average of 4 values, for Company B single value recorded.
TABLE 5.3 TYPICAL c»ermwmm FROM MILL CERTIFICATES FOR 12 JOINTS IN STRUCTURE .
—U = O 12 00O o E O O OO 23O g O 20 10O 0 O .,
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t Cv chV g.d. b o £

o g Tange 2 Yy u
Company A 50.08 70-124 93.7 15.9 364 -508

44.5 68-106 89.1 11.4 362 506
Company B 63.5 40=-689 50.8 9.0 313 488

3s.1 42-175% 93.6 45.9 365 531

TABLE 5.4

SUMMARY OF MATERIAL PROPERTY DATA FROM DATABASE IN TABLE 5.3

SHOWING MEAN AND STANDARD DEVIATION OF TOUGHNESS PER THICKNESS
PER STEEL MANUFACTURER
“

L]
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¢ s P st | Mn | e | cw | m | m
BP 0.18 0.009 0.009 0.48 1.30 0.16 0.15 0.049 0.04
N KX} 0¢.15 0.004 0.015 0.39 1.40 - 0.18 0.03 -
TABLE 5.5

CHEMICAL COMPOSITION OF STEEL WHOSE TRANSITION CURVES

ARE GIVEN IN FIGURES 5.13 AND 5.14
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6. ASSESSMENT CF DAMAGE

6.1 The Role of Damage Assessment

The overall strategy lof the dJdetermination of an undé;watef inspection
programme is detailed in Sectien 7. AQ part of this straﬁeéy, it is required
to perform an assessmeﬁt.of structural damage. There are two contexts in
which this is required.

1. Damage assessment before performing an inspection

In this case, the assessment is performed for postulated damage, with
tﬁe aim of determining the type of damage which must ﬁe detected and,
the .required frequency of . inspection. This type of study ls
particularly suited to fatigue cracks, for example.

2. Asgsessment of damage after performing an inspection

The objeétivo of this type of assessment 1is to determine the
gsignificance of'actual damage which has been detected in an underwater
inspection. The'findings would be used to make a repair/no repair
decision, or to deteE;ine a programme of future inspecticns for the
damaged area. '

In this Section, assessment methods are g{ven for the most commonly occurring
types of damage, namely dents and fatigue cracks, and a brief review is given
of methods of redundancy analysis. By-definition, damage assessment is not
covered by design codes, and 80 -non-codified methodﬁ are preasénted. It is
not possible within the scope of this document to perform a cormprehensive
review of assessment methods, and so the methods presented have been
carefully selected as being the -most suitable for use in  practical
situations.
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pamaged Mémbers

Damage to members of offshore steel structures is frequently caused as
a result of collisions with supply‘boats or by falling ocbjects. The
form of such damage has been found, from experimental tests and

in-gervice experience, to have the following forms:

] Local denting of ;he brace wall without any overall bending of
the member. ‘This situation occurs mainly in Qhort members with
large diameter; thickness D/t ratios or at the ends of brace
members.

. Overall bending of the brace without any local denting. This
situation occurs mainly in long members with small D/t ratios
due to impacts near mid-span.

° A combination of local denting and overall bending of the brace.

This situation is most éommonly encountered in pfactico.

° Fracture of the member due to the ultimate axial tensile
capacity beiné exceeded as a consequence of gross deformation
and subsequent membrane yielding tension.

] In addition to damage to tﬁé impacted member the adjaceht joints’
may be damaged if the ultimate capacity of the member exceeds
the ultimate capacity of the tubular joint.

. Adjacent members may be damaéed 1f they are not sufficiently
strong to absorb the end forces from the impacted member.

The members in a jacket atructpre which are most likely to be affected
by boat impact are'vertical and diagonal members located in the splash
zone. These members are loaded in compression due to the topside dead
weight and therefore fail through lateral buckling.

Damage to tubular members can be classified as minor if the ultimate
load capacity of the member has not been reduced (as‘a consequence of
the damage) to a value less than the maximum applied load. Similarly,
severe damage can be considered to have occurred when the reduced
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ultimate load capacity @f the damaged member has been exceeded by the
applied load. In this situation the damaged member can only sustain

its post-collapse load and the balance of the applied load must be
re-distributed to adjacent members.

Review of published literature

A large amount of theoretical and experimental research has been
undertaken since 1979 intc the following two related areas of damaged
menbers;

1. Investigation into the mechanisms for a tubular member to absorb
energy from a lateral collision with a supply boat or dropped
Obj act.

2. Investigation into the residual strength and stiffness of a
tubular member which has suffered from a lateral colliéion.

The findings from item 1. above are of primary interest during the
design of a jacket as it ‘is possible to quantify the damage incurred

" for a given impact energy. This information can subsequently be used

to ensure that the global structural integrity is not compromised by
local damage.

Some of the most recent developments in this area are due to Richards
and Andronica“’. Ellinas and Wnlkertz) (3).
The method proposed by Richards allews the impact energ& to be

and Pettersen and Johnson

absorbed, in the correct proportions, by the following mechanisms in a
tubular member with various end conditions:

energy absorbed by elastic deformation
energy absorbed by local denting
energy absorbed by formation of plastic hinges

energy absorbed by membrane tension yielding

Figures 6.1 and 6.2 show the results produced by the mathematical
model of Reference (1) for twé simply suﬁported tubular memnbersg.
Thege models are based on data from members con offshore structureé
which have been damaged. The relevant detaills of the members are
given in Table 6.1. Several points of general interest can be seen
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from inspection of these two iigﬁrés:

] » Impact energy is absorbed firstly by elastic bending and dent

formation until a mechanism develops due to the onset of plastic
hinges.
. The dent depth and total resisting force remain virtually

constant after the formation of a mechanism. The magnitude of
the resisting force i1s maintained at large lateral deflections

due to a significant contribution from the membrane tension
yielding effect.

‘The majority of the recent research in item 2 above has been conducted

(4, 5, 6, 7, 8) (9 (10)

+ and Ellinas « This work
has been directed . towards computing the residual strength and

stiffness of damaged tubular braces with simply supported end

conditions and, to a lesser extent, with general rotational stiffness
at the member ends. )

A detailed description of the findings of the above work and methods
of using this information to aid defect assessment is presented in

éections 6e2+4 to 6.2.6.

Buckling behaviour

The buckling behaviour of tubular members can take either, or a
preoporticn of both, of the following forms:

. Column buckling

. Local buckling

It is 1mportant:td establish if local buckling is liable to have a
controlling 1nr1uenc§ in the buckling behaviour of a tubular brace
since the post-collapse behaviour of damaged (and undamaged) tubular
members is catastrophic in such c¢ircumstances.
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Column buckling

Column buckling is an overall effect which takes the following

forms:

. e Long, slender tubular columns (A > 1.5) fail by elastic

buckling at the Euler stress.

L ] As )\ reduces from 1.5 to 0.0 the column failure becomes

increasingly controlled by inelastic buckling and by the
compressive strength of the material.

In the above A is the reduced slenderness ratio, defined by:

A= try/z)"(]:./r.) K/‘E ' ooo-(ﬁ-.1)

where I’Yu material yield stress
(L/z) = the actual slenderness ratic of the column
K = effective length factor '

The two regimes of column buckling described above can be clearly
seen in Figure 6.3.

Local buckling

Local buckling occurs when a local 'bulge' or 'lobe', forms on the
surface of the ‘tubular. T™is form of buckling becomes increasingly
dominant as the D/t ratio exceeds 60. The classical failure stress
for local buckling of pexfect, thin cylinders in a pe}iodic mode
with 'diamond’ shaped lcbes 1is ' ‘

F\l- 1.21 Et/D ’ ....(6.2)

]

However, for the typlcal bracing members used in offshore

structures, which are fabricated from a series ’of rolled plates’
(‘cans'}, the local buckling mode takes the form of an axigymmetric
bulge rather than the classical diamond lobes. 'Ih:l..s bulge can occur
at the member ends or, as shown in Figure 6.4, at circumferent‘ial
bgtt welds Between. adjacent cans. In this situaticon it has been
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found that the local buckling stress has the form:
F - 0.0012 F_ D/t ’ ' snese 6.3)'
Fa™ ¥y v / | (

A more conservative estimate of the local buckling strength of

typical offshore tubular members is given in Raference(w) ass

Fu/!'y = 1 = 0,0024 (D/t) + 0.000003 (D/i:.)l2 0000(5'04)

The effect of local buckling failure on the ultimate axial capacity
of an undamaged tubular member has been illustrated in Reference
(10) and reproduced in Figure 6.5. Tubular members which are
susceptible to 10631 buckling and have in addition suffered bending
or denting damage, will exhibit a further loss of strength from that
shown in Figure 6.5. This aspect is discussed further in Section
6.2.4.2.

Residual strength and stiffness

The analytical method which is develcped in this section to assess
the residual strength of bent and dented members is based on

‘incremental elasto-plastic, large displacement beam-column analysis.

The pertinent features of this type of analysis are summarised as
follows:

® The tubular brace is idealised as a series (typically 20) of
straight beam elements. The lengths of individual elements
usually vary to allow mall element lengths to be used in

areas where plasticity is expectad.

. The tubular cross section is divided into element 'fibres' as
shown in Pigure 6.6 thus allowing the progressive develcpment

of plasticity over the member cross section.

L4 lLoads are applied incremently with a linear solution being
cbtained at each increment from the following equation (see
Reference (4)):

(Kt"'xg) u=2P9 snse(6e5)

where u = nodal deﬂ_ect:l.ons

P = applied load
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K= inczremental stiffness matrix based on the tangent
stiffness matrix

Kg- geometric stiffness matrix

Damage to a member resulting in permanent bending is modelled
by specifying initial lateral deflections at the element

nodes.

Following the methods proposed by Smit.h”), damage to a member

resulting in the formation of a dent is modelled by reduc':l.nq
the values of Young's modulus, and the yield stress for the
fibres' in the dent zone {see Figure 6.7). The resulting
bi-linear stress/strain curve is shown in Figure 6.7 where,
for a dent of depth d, X is given by: B

k= 0.5 - 0.,0096 D/t + 0.0003 xa:/'r-y = 0457 @/Desee(646)

The expression for k has been established by cori:elating the
analysis procedure described above with experimental tests on
damaged tubular members and using a least-gsquares method to
fit the equai::lon to the data points.

Upper and lower bounds on the collapse strength of a damaged
tubular can be obtained by setting k = 1 and 0 respectively.
Typical experimental values for k lie in the range 0.2 to
0.4. :

Dent damage.is modelled by Taby and Moan(” by an analytical
method as shown in Figures 6.8 and 6.9. In this model the
undamaged section of the tubular is modelled by an offset beam
and the load carried by the dented region is applied as an
offset point £or¢.":e Q. For a compression member Q, is given by
the following semi- empirical equation.

Q = 80t FY 008-1 (1'2&/D)c . ‘ . 0000(607) *

2 Y

where C = (4n" + tz) - 2n

and n is defined in Figqure 6.9.
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The development of the' above computer models has enabled a wide
range of damaged tubulars to be studied with the results being
ver:l.fie& against experimenthl results where possible. Using the
results of these studies, the effects of various parameters on the
residval stiffness and strength will now be discussed.

Bending dainaqe

® _The effect of varying the slenderness of the damaged member
{expressed in terms of )\ the reduced slenderness ratic) is
shown on Figures 6.10 and 6.11 for 'simply supported and
clamped tubulars(“. In these examples D/t and E/FY are held
constant at 35 and 638 respectively. I+t can be seen from
these figqures that by choocaing K = 0.6 for the clamped tubes
the residual strength characteristics are almost identical for
an equivalent valus of A. The damage effects are most marked
in the post-collapse range of tubulars with a A value lying in

- the imperfection-gsensitive range 0.7 < A < 1.1,

® The shape of the initial bending damage has been found to have
a negligibl§~e££ect on the residual strength compared to the
maximum magnitude of the initial lateral deformation. The
forms of bending damage that have been considered consist of
sinuscidal, paru’muc and bilinear (ie. *dog leg'}.

. The effect of varying the initial bending damage can be seen
from Figures 6.10 and 6.11 to dominate post-collapse behaviour
for lbw A tubulars and pre-collapse behaviour for high A
tubulars. : ‘

] The effgct of residual weld stress from a seam weld on the
strength of compress?d, undamaged tubulars is shown in Figure
6412 for varying values of n. The form of the residual stress
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£ield for this situation, together with the definition of 17,
are shown in Figure 6.13(a). 1Typical values of n for offshore '
tubulars are about 4 which will normally affect the member

_strength by less than 10%.

The effect of a residual stress distribution of the form shown
in Pigure 6.13(b) (which occurs in bracing members with
bending damage) has been found to have a negligible effect on
the residual strength of a damaged tubular. Figure €.14 shows
the effects of the residual stress distribution on residual
strength for a tubular member with three levels of bending
damage.

6:.2:4.2 Dent dmgg '

Experimental results show that residual strength of a dented
tubular is a function of the depth of the dent and does not
depend on the shape of the dent. This conclusion was reached
after testing tubulars with ‘'knife edge'’, ‘'round' and 'square’
dents.

The effect of the location of the dent onl the length of the
tubular hags a negligible effect on the residual strength as
shown in Pigqure 6.15. ‘Also shown on Figure 6.15 is the
negligible effect that the length of the dent (measured along
the tube axis) has on the residual strength for a given dent
depth.

Typical load deflection characteristics for a tubular
susceptible to a local buckling failure are shown in Pigure
6.16. These characteristics were obtained experimentally(m
for tubes with D/t = 87, L/r = 48, l-':/!'y = 470 and three levels
of dent dJdamage. The sudden and drastic loss of strength
following ultimate load is charac{:eristic,of a local buckling
failure and shows that such tubes should not be used for

bracing members which may suffer collision damage.

After occurrence of dent damage the subsequent increase in
axial compression lcad will not increase the dent depth until
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the residual ultimate ‘étreggth is achieved., However, the
post-collapse strength is reduced due to an increase in dent
depth as shown on Figure 6.17. If the post-collapse strength
of a dented tubular requires to be established numerically it
is important that the computer program has the ability to
model the growth in dent depth ~ this would require an
‘advanced non-linear program and powerful computing
facilities.

6.2.4.3 . Combined bending and dent damage

6.2.5

6.2.6

] The value of D/t has an influence on the ultimate residual
strength of a tubular member suffering from dent damage as
shown in Figure 6.18.

As the level of dhnt-damage increases, . the residual strength
becomes 1ndependenc'o£ the level of'bending damage. This
trend is clearly seen in the curve on Figure 6.19 for tubes
with A = 0.5 and varying D/t.

° The ultimate residual strength of a damaged tubular will be
further decreased if lateral loading is present (eg. wave load
or buoyancy lbad). The curves in Flgure 6.20 show that a
linear interaction formuia is conservative for stocky tubes
and slightly non-conservative for slender tubes.

Fatigue behaviour of damaged tubulars

The fatigque behavicur of tubular braces which have sugfered denting
and bending 1s the subject of a curient study being sponsored by the
Department of Energy. Although the study has only recently
commenced, initial !indings-show a substantial reduction in fatigue
life occurs when a tubular is dented and bent. Thus, although the
static behaviour of dJdamaged tubulars 1s now well defined their
fatigue behaviour could provide the limiting cohdition in aasessing

_ the resulting integrity of the jacket.

Defect agsessment after collision damage

The information presented in this section can be used to establish
the integrity of a steel jacket which has a damaged (but not

gsevered) compression member as the result of a collision.
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The methods. described have been concerned with establishing the
residual strength of an isolated member having pinned or clamped
ends. In order to perform a ja'cket defect assessment it 1is
necessary to incorporate the behaviour of the damaged tubular into
the computer model of the complete jacket structure. Ideally, the
special techniqueQ which have been developed“'g)
mathematical modelling of damaged tubulars could be incorporated in

jacket analysis computer programs. However, until such developments

to perform

take place the following 1s proposed:

Assume that the damaged brace acts primarily as a compression member
with local wave or buoyancy load providing lateral force. . This

assumption 1is generally true for bracing members in a triangulated
jacket structure.

Based on t.hi assunption the propoged method can be ‘described in
stages as follows:

1. Perform a linear atatic jacket analysis, with the damaged
member complately removed, for the following loadcases:

(a) Storm environmental and topside dead loads.

(b) Self-equilibrating u.n.tt. forces acting on the end nodes
of the migsing damaged member. These forces model the
effect of a unit values of compression from the missing
member on the remainder of the jacket.

2. If the member and punching shear util.;‘aatiarx# are less than
unity for loadcase (a) then the jacket's structural integrity
is not compromised by assuming the damaged ‘.member has no
residual strength. If this is the case then no repair or
further inspection of the member is necessary. However, as
the loads in the jacket members may be redistributed due to a
reduction in the damaged members stif.fness: an analysis should
be conducted to re-appraise the fatigue performance of the
jacket. ‘
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If the member or joint utilisations exceed unity then the
actual residual strength and stiffness of the damaged member
should 'be established. This ‘can be achieved by ‘an
elasto-plastic, large-displacement analysis of the isolated
member as described in references“'”. In order to obtain
the depth of the dent and/or the maximum deflection due to
bending, a detailed survey of the damaged member would be
required. The bending deflection could be measured by using a
taut wire for xefeéence while the dent depth could be measured

with the aid of a template.

Having found the axial lcad/deflection character;l.itics of the

.damaged member a non-linear compatibility equation can be

solved to obtain the value of axial compression. The equation
has the form: i

‘(P) = d1"' sz . . 0000(603)
e{P) 1s the non-linear relationship between the axial

canpressioh, P, and the axial shortening, e,' of the
damaged member .
| is the shortening of the line connecting the nodes of

1 !
the removed member due to loadcase (a). ‘
cl2 is the extension of the line connecting the nodes of the .

removed member due to loadcase (b},

The axial  compressicn carried by the damaged member can then
be included in the jacket model by linearly combining the
displacement from loadcase {a) with P times the displacements '
from loadcase {b). The jacket member and joint utilisations
are then computed for this new load combination. If the
utilisations are great-:er than unity then an immediate repair
will be required to ensure the integrity of the jacket. 1If
the utiliiations are less than unity then the immediate
integrity of the jackef. is assured. However, due to the poor

fatigue behaviour of damaged members this situation may be
temporary.

The above procedure is illustrated by a case si:udy in Section 6.6
of this report.
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. Fatigue Crack '‘Growth Caiéulation

Introduction

This -section reviews methods for assessing the significance of .
fatigue cracks in offshore structures with particular reference to
tubular Jjoints. The analysis methods presented are for the
calculation of the residual fatigue life, where the 'end of life' is
defined as the attainment of a pre-defined crack size (for tubular
joints this is taken to be the formation of a through-thickness
crack). Premature failure may arise from unstable crack extension,
which is discussed in Section 6.4.

The standard method for calculating fatigue lives is by the S-N
method, which is inappropriate for damage assessment since it 1is
based on fatigue data cbtained frem initially undamaged specimens.
The calculation of residual fatigue 1lives must thersfore be
pe:l_':tc':rmed by the alternative approach of fracture mechanics (FM).
When comparing the two approaches for the calculation of fatique
1ife, it is useful to note that they are consistent (within certain

limitatiens} in two key u:eas“n.

1. The variation of fatigue 1life against stress range, for
cpnstaht. amplitude cycling, is a power law relationship. This
plots as a straight line on a logarithmic scale, which 1is the
usual form of presentation for S=N curves.

2.. For variable amplitude stress ranges, the FM calculaéion is
eé;u.'l.valent to the Miner's law which is generally used with the
S=N method.

It may thus be seen that provided that the same agsumptiona are
made, similar overall fatigue lives will be predicted by both the
S=N and FM methods. |
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The starting point for a fatigue crack growth analysis is the "crack
growth model®”, which has three main components:

1. The crack growth law. The simplest and most widely used law
is Paris' equation.

2. The crack growth ‘constants. These .are controlled by
environmental conditions and other factors, and are particular
to the crack growth law for which they were derived.

3. The stress intensity factor solution.

A number of advanced crack growth models are available which can
give accurate results under laboratory conditions. For crack growth
in tubular joints in seawater the situation is more complex, and
there are a number of factors which Are‘ imperfectly understood.

These include:

] Crack initiation - governed by the a;zé of welding defects and

the surface profile.

L Effect of seawater properties.
] Effect of electrochemical‘Gariables.
L Effect of material variables (mechanical properties, welding

processes, etc).

L " Loading variables (frequency, R-ratio etc).
The picture is further confused since the ‘effects of the various
parameters 1is oft;n intef-re}ated, which makes it extremely
aifficult to isolate the effect of any one parameter. As a result,
observed crack growth behaviour exhibits some randomness, with very
different results being obtained from ﬁominally identical specimens.
Because ﬁf the inherent randomness of fatigue processes, caution
must be exercised when interpreting the results of analytical
studies.
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Notwithstanding these problemﬁ; it is still possible to obtain crack
growth predictions which are sufficiently reliable to use as a basis

for engineering decisions affecting inspecticn and repair.

6.3.2 -General background and recent advance in the assessment of fatigue

grack_growth

Patigue crack growth in steel structures is an area which has
received considerable attention from the offshore industry. Initial
research was undertgken in the UKOSRP I programme, and this has more
recently been supplemented by the UKOSRP Il and the SERC Cohesive
Fatigue Programmes. Additional data on the service performance of
offshore’structures in a fatigue environment has become available,
and a number of high quality studies have been undertaken on
specific fatigue prcblems by specialist consulting organisations.
The net result is that the offshore industry has a fuller
undefstanding of the behaviour of <fatigue cracks in offshore
structures, and 1is therefore better able to plan underwater

inspections.

A number of 1ntroductory texts are ,available on fatigue fracture
mechanics and it is therefore not considered appropriate to include
this material in the current document. A review was published in
the CIRIA UEG ﬁesign Handbook on Tubular Joints(11) {hereafter
referred to as the 'Design-Guide'), which included data available at
the time of writing (1983). It is an indication'of the speed of
progress in this field that much of the earlier work has since been
supersedeh by recent developments. A brief overview of some of the
most significant recent developments in fatigue‘research 1s given
hereunder. It 4is 1likely that the items described would be
considered in a present day assessment of fatigue damage, and will
be demonstrated in the case studies later in this section.. l

1. Stress intensity factor solutions

r3

The calculation methods for stress intensity factors (SIFs)
reviewed in the Design ‘Guide followed two basic approaches,
namely the experimental approach, in which the stress
intensity iactor for a particular case is inferred from the
results of a fatigue test, and the analytical approach.
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The 1eading experimentally based model is that developed at
the London Centre for Marine TechnOIOgy(12) {LCMT), which is
based on the results of fatigue tests for T and Y jolints. For
the model to achieve widespread usage in the design office, it
would be necessary for a large number of additional tests to
be performed to enable parametric formulae for SIFs to be
developed. It is significant that the most recent application -
of the model(ia’ was as a beqchmark for analytical models, and
it is likely that this is where the future of this approach
lies.

Early analytical models were based on highly 4idealised
geometries which were not truly representative of tubular

. Joints. These models have generally been superseded by models

pased on surface cracks in flat plates, such as the widély
used Newman and Raju solution“". Whilst offering
considerably improved accuracy, models of this type suffer
from the disadvantages of not being able to account for ;hell
curvature effects, and only being able to accommodate simple
stress fields (tension and bending). More powerful

techniques, such as the influence function and the line spring

_methods, are able to overcome these deficiencies, and one such

model will be developed in this section. It is significant
that the more advanced models are able to utilise laboratory
data on streia distributions and residual stress fields, which

should act as an incentive for additicnal research in this

area.

A more detailed review of current analytical approaches may be
found in Refarence (15).

Stress diutributions .

All stress intensity factor solutions rely to a varying degree
on the stress distribution acting on the crack. Some models
are dependent on the distribution through the wall thickness,
others on the distribution arocund the joint intersection, and
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more advanced models depend on both. There are three main
stress fields which govern fatigue crack growth (deformation
gtresses, notch stresses and residual stresses), as defined in

Reference {(11).

Research on deformatich stresses has been governed by the
requirements of- S=-N methods‘ 6! analysis, andl hence has
focussed on the computation of hot spot stresses. Useful
progress has been made in this field, including extending the

ranges of applicability of the parametric tormulae“s),

developing formulae for overlapping joints“” and accounting

for the sffect of chord end loads on the hot spot stress“s).
Howevar, 1little work has been published on stress
distributions, particularly through the wall thickness, and
this continues to act as a restraint on the develcpment of

fracture mechanics models,

A cogsiderable amou.nt' of work has been performed on stress
fields at weld toes in simple plate gecmetries by Lawrence and
co-workars“g) for the purpose of developing analytical models
for crack initiation. More recently, data has become
available on notch stresses  for multiplanar Ke-joints using
(20) and for ¥ and K«joints using

strain gauvged steel lpecimens“n. whilst notch stresses have

photoelastic techniques

a major influence on the growth of small cracks, the effect on
cracks of significant =size, which could be detected in an
underwvater inspection, is less important.

'mg detrimental effect of welding residual stresses on fatique
life was demonstrated in UFOSRP I us:l.ng” fillet welded plate
specimens, and this trend has recently been confirmed for
welded tubular joint specimens in seawater(zu. To date it
has not been possible to incorporate residual stress effects
meaningfully into fracture mechaniés models because of a lack
of published data on residual stress levels and distributions
{see Section 5.4). However, meagsurements on residual stresses
have recently been made on three T joints(n), and this will
be supplemented by additional data in the next phase of the

SERC Cohesive Fatigue Programme.
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Environmental and related effects

The conventional method of presentation of crack growth data
is the f.ox'n; o.;. a plot of crack growth rate, (da/dN), versus
-stress intensity factor range, AX. -'me classical form for
this curve is sigmoidal, with the central portion described by
a power law relationship, such as Paris' law (see Figure
6.21). This presentation permits a ready comparison of

environmental effects to be made,

Conventional fatigue design practice is based on S=-N curves,
such as the UK Department of Energy T curvéua), which were
originally derived for tubular joints fatigquing in air. The
application of these methods to joints in seawater implicitly
assumes that the correct application of cathodic protection
removes the problem of corrosion fatigue. . Recent work
undertaken in the SERC Cohesive Fatigue Programme 1nd1ca'tes

that this assumption is not valid(21).

It is beyond the scope of this document to perform a detailed
review of this complex and stili developing subject. However,
data for the important case of crack growth in seawater with
cathodic protection has heen collated and is presented in
Section 5.3. 1Inspection of this data leads to the important
conclusion that simple crack growth laws of the Paris type are
insufficient to reproduce the cbserved behaviour. More
general multi-term laws are_necessary(u), for which constants
may be derived to suit the prevailing conditions.

Fatiﬂ crack develgEment

A major advance in the understanding of fatigue crack growth
in tubular joints was marked by the development of the ACPD .
method for measurement of crack depthstzs). Early data
obtained with this method:  in the UKOSRP. I programme proved
unreliable although recent data has permitted .a more
consistent pictura of crack development to emerge. A sc::'eened

database on crack shape development and growth characteristics

'ds given in Section 5.3. Realistic crack growth models should



6.3.3

11’ N TRt ' L. |

Vool

Tl 6.19 - WOL 109/86A

be able to reproduce this behaviour if confidence is to be
placed in the computed results. ' ‘ .

A very important regime which 1; frequently not addressed in
tubular joiht fatique tesﬁs is cfﬁck development after the
formation of through-thickness cracking. This is because the
conventional definition of fatigue life (Nz) is taken to be
the appearance of a through-thickness crack, on the basis that
subsequent crack growth under constant amplitude loading is
likely to be very rapid. However, it is known that a major
change in compliance usually accompanies the develcpment of a
through-thickness crack in a tubular joint, which in a
redundant structure will lead to load shedding, 'and possibly
to significant retardation of the growth ratetze). since the
detection of though=-thickness cracks is much easier and less
costly than for part-through cracks, it is likely that this

regime will receive greater attenticn in the future.

Analzsis methods for part-through cracks

There are a number of alternative approaches which may be used to

‘model crack growth. In this report, one of the leading crack growth
{27) .

models, originally developed by the Southwest Rasearch Institute

(SWRI), has been selected as an example of a state-of-the-art model
and its featuras are presented in some detail. Where -deficiencies
in the model are noted, in the light of recently available research,
these are highlightod and improvements introduced. The improved
model is implemented in the crack growth program KTﬁBE(za), which

has been used for case atudies in Section 6.6.

The model contains procedures botﬁ for the calculation_ of crack

. initiation 1lives, and. for the calculation of subsequent crack

growth. In the context of the assessment of fatigue damage, it ig
the crack growth regime thch is of primary 1nterest’since the crack
initiation period has already passed. The c;lculation of crack
initiation lives will not be considered further in this document.
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A multi-term crack growth law was proposéd by SWRI ‘which is
able to account for the differing growth rates in the various

regimes. ‘The law 1s expressed as the inverse of the crack

growth rate, and has the following form:

L L + - 1 + L (6.9)
‘ 24 m
da/an  a sk ek c{(1-RIK ] (da/as)
vwhere R is the load ratio and is calculated from
-
R =20 3¢ K, 30 (6.10a)
max
= 0 if xm.tn <0 (6.10b)

C,m are material properties and will usually have the
same values as the conatants used in the simpler Paris
law. These constants govern crack growth in the lower

intermediate range.

11. n, are additional material properties which defin.e
crack growth at low growth rates.

KIc is the plane strain fracture toughness. .This

property governs high crack growth rates, resulting from

the intervention of static failure processes,

(da/ dN)? is the plateau crack growth rate, exhibited by

some material/environment systems.

Values of the material properties suggested in Reference (27)

are presented in Table 6.2. ‘The crack 'growth characteristics
derived by substituting these constants into Equation (6.9)

are gshown in Figure 6.22.



O DO DYy Dy C3

e S o B et

Yy 0 . &9 &2 3 &)Y

2.

- 621 = ' WOL 109/86A

‘Data on fatigue &rack growth in seawater with cathodic
. brotection was presented in Section 5.3, and it is apparent

that the plateau behaviour predicted in the SWRI model has not
been cbserved generally in laboratory tests. A modified crack
growth law is proposed which has the form:

1 1 1 1 1 1

- 1 + m m + n2 = n2
da/aN A AX cax  cftt-mix ] A ax a,(t-nx ]

: (6.11{

In Equation (6.11), the first 3 terms on the right hand side
are identical witﬁ the corresponding terms in Equation (6.9),
and the last two terms have been introduced to govern growth
in the upper intermediate regime.. The following values for
the constants are proposed in MN,m units:

A, = 0.125 x 10"34
n, = 32,2

1 13
C = 0-35 X 10 .
m = 5.96
A, = 0.16 x 10”7
nz = 1,395

The crack growth law given by Bgquation (6.11) has bean plotted
in Figure 6.23.

Stress Intensity Factor Solution

The SIF solution proposed for use with the SWRI model is for a
surface crack in a 'flat plate acting under tension and

bending, originally proposed by Newman and Raju(14) see Figure
6.24. The sclution is of the form:

) 4 ) +’ (6012)
=Y Y X)) /RakD

where Yé, !S = Fla/T, a/c, /W, ¢)

Q=9Q (a/cC)
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Although this solution takes account of both the crack length
and depth, it is not a true two dimensional solution since the
stress field must be constant in the length direction. Other
limitations are that shell curvature effects are ignored, and
that only a linear varliaticen of stress is permitted in the
thickness direction. '

An alternative approach, which 6vercomes the latter objection,
is to use an influence functicon to calculate the SIF for a
crack under arbitrary loading (see Figure 6.25).

S J'; £(n) gln, a, ete) &y (6.13)

where £ (n) 1is the stress field- on the crack face
g (n, a) is the influence function

There are a llmited'number of influence function solutions
available, but the 'ra;latzg) solution for a finite width strip
is suitable. Te account for shell curvature effects, ‘the
forces and displacements on the crack zone must be matched tc;
those in the surrounding material; this may be achieved by the
line spring methoduo), as demonstrated in Reference.(aﬂl.

The major disadvantage of ;:he combined influence function/line
spring approach is that it is strictly a‘ one dimensional
solution, taking no account of the flaw shape. However, as an
approximation the Newman and Raju solution may be used to
provide an aspect ratio correction factor, Ya' as outlined in
Reference (15). The aspect ratio factors for tension and

bending, Yta and Yba' :..u:e plotted in Piqure 6.26.
To summarise, -the features of the SIF model are as follows;

] * The basic SIF is calculated by an. influence function
meathod, using Tada's =olution.

L The effect of shell curvature is allowed for using the

line spring approach.
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. An approximate allowance for the flaw shape is made by

use of the Newman and Raju solution.

This calculation procedure is prcbably the most comprehensive
which may be adopted, short of a full two dimensional crack

solution, and has been used for tha case studies.

Stress ﬂ.elds

The accuracy with which the stress fields acting on the crack
face may be detarmined is often the limiting factor in the
accuracy .of the total analysis. It is normal to expend

‘cbnsiderably mora effort in developing the stress field for a

fatigue crack growth analysis than for an S-N fatigue
analysis.,

Considering firstly the deformation stresses, procedures for
calculating stresses on the ocutside surface of the chord and
brace are comparatively well developed. . These may be
estimated by use of standard parametric SCF.'tomulae, with
assumed distribution functiops(az) to give the variaticn
;lround the joint intersection. It is, however, preferable to

take account of the effect of the loading from all incoming

,braces and from the chord, by the influence coefficient

technique. The details of this approach are given, in the
case of X and Y joints, by,Buitrago“a).

Having determined the outer fibre stregs fo' it is necessary
to estimate the variation through the wall thickness by
splitting the stress into tenailé and bending stresses (ft and
fb). This may be expressed in terms of the distribution

parameter, ls' as
f m) ¢ : . (6.14a)

fb - (1-7\’) fo (6:14b)
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It is still not common practice in the technical literature
for the value of A’ to be reéorted with stress analysis
results or laboratory test data, and this represents a serious
omission. TFor the case studies it will be necessary to use
values of h' cbtained by Wimpey Offshore from finite element
studies of similar joints.

Superimposed on the deformation gtresses are the notch
stressea at the weld toes. The results of the finite element

(19)

work of Lawrence will be ugsed to estimate the notch

stresses.

The notch stress, !n, is given in terms of the outer surface
stress, £ , by

f =(x -1)¢ ’ (6.15)
n t o
where Kt 1s the notch stress concentration factor.

The value of Kt is dependent on the ratio of the plate
thickness, T, to the local weld toe radius, r, and is of the
following form:

L

Kt‘- 1+ a (/r) i _ {6.16)

where ¢ hag been determined by finite element studies.

a = 0.35 for 15 = 1
a= 0.19 for l. = 0

It is argued that an infinite range of radii may be found in
ag-waelded weld profiléa, and that for conservatism the value
of r should be selected to give the minimum crack initiation
1ife. The procedure for calculation r is given in Reference
(19). ‘ .
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Numerical Aspects of the Computation Procedure

The crack growth law, Equation (6.11), is of the form

da ' .

which may be integrated to give

. af 1 .
N, = N(a,) = N (a,) = ' 33 da , (6.18)

where a N is the initial crack depth
a, is the final crack depth

The solution method proposed by SWRI is to apply a given
number of cycles, say corresponding to a one year loading
gt and length
¢_+ This procedure .1.3 somewhat complex since an iterative

£
solution must be performed of Egquation (6.18) to determine

period, and to compute the final crack depth, a

.

The alternative procedure is to specify t:hg increment in crack
size, and to perform a direct integration of Egquation (6.18)
to determine the number of loading cycles. The integration
must be performed nmﬁerically, . and significant errors can be
introduced if the integration step is too large. In the
program KTUBE an adaptive integration procedure 1s used,
whereBy the specified crack growth increment is successively -
sub-divided until convergence is achieved.

For a given increment in crack depth, the change in crack
length may alsé be-com;;uted if it is aasumed that the same law
and crack growth constants c:xovern crack growth in both the
length and depth directions. However, with stress corrosion
there may be _aubstantial' differences 1in crack growth
conditions along the crack front, and hence the validity of
this assumption is doubtful. The preferred method is
therefore for the user to specify the corresponding increments.
in both length and depth, based on experimental data for crack
shape development.
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To - commence the calculatiqn, it is necessary to specify the
initial crack depth.. It is normal to take this as the nominal
depth at crack initiation to enable the complete crack growth
characteristic to be generated - this characteristic may then
be entered at any crack depth to determine the residual life.
Following the procedure of Chen(aa) which was developed to
join crack initiation and fatigue crack growth models, the

initial crgck size may be calculated as

0.0954 /T
. ——————

55 in MN,m units : {6.19)

a P
T oa
where Pu is the ultimate tensile strength of the material

o is as defined for Equation (6.16).

The crack growth procedure outlined above is for constant
arplitude stress cycling, If variable amplitude cycling is
experienced, as in bftshore structures under hydrodynamic
loading, it is necessary to weight the contribution to crack
growth from' each stress range by the relative frequency of
each range. The resulting equation is

da da
==, [5& en] a(ax) (6.20)

where £(AK) is the probability density function for the SIF

range.

Equation (6.20) implicitly assumes that load 1ntéraction
effects do not occur.

A flowchart for the "“crack growth computation 1s. given in
Figure 6.27.

Analysis methods for through-thickness cracks

Increased interest is currently being expressed by the offshore
industry in the behaviour of through-thickneas cracks, since 'these
may be detected more economically and reliably than for part-through
cracks. Analysis methods for these cracks are thus required to
enable the behaviour to be predicted reliably.
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For through-thickness cracicé located . at tubular joints, the
situation 1s very complex, because of the geometry and the nature of
the stress fields at the intersection. The only feasible analysis
technique is to use a numerical method, such as finite element
anilysis, in which the crack is represented in the model. Such
analyses are expensive because of the number of elements reqt_xi:':ed to
model the cracked joint, and because a separate analysis is required

for each crack length under considerations.

There are several cases of interest in which through~thickness
cracks may occur in a tubular member, remote from any tubular
joints. These include: ’ '

1. Through-thickness cracks which have developed from single
sided butt welds, for example at brace to stub joints, or at

access windows.

2. Cracks . which have de;:reloped ‘at appurtenance supports. On
eariy North Sea platforms these were frequently figidly welded
to the structure and have proven troublesome in fatigue,
sometimes leading to a local failure,

Examples of both types of crack geometries are illustrated in Figure
6.29. For the simple circumferential crack, analytical solution
(34) which give the -SIF for axial locad of bending

acting on the member. The SIF may be expressed in the form

are avallable

‘xu' e, Y+ £ 15,) vIla (6.21).

where ft and f.b are the tensile and bending stresses acting in the
member C

Yt. and Yb are plotted in Figure 6.29.
It should be noted that the SIF for the tubular member rises steeply
with increasing crack size. It is very unconservative to apply an
SIF solution derived for an infinite plate to this geometry.
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The case of cracks - emanating from a circular hole has been
extensively studied for flat platestas). It should be noted that it
is generally non-conversative to 1&341183 the hole and the adjaqent
edge cracks as a single crack of the same overall length, since this
ignores the stress concentration caused by the presence of the hele.
It is thus necessary tc determine the stress field surrounding the

hole in order to estimate the SI¥ for the edge cracks.

6e3.5 Benchmark Studies

To establish confidence in the use of the crack growth model, and to
gain an understanding of the sensitivity of the results to the
governing parameters, a number of benchmark studies have been
performed.

A system of reference numbers has been épplied to.the benchmark
analyses.: Details of each analysis are given in Table 6.3. Certain

parameters remained constant, and are as follows:

i R-ratio. All studies were performed at R-ratio of 0, using
the. low R-ratio crack growth constants for each environment.

2. Residual stress. A uniform tensile residual stress of 250
MN/m? was assumed.

3. Crack shape. The aspect ratio (ratio of crack depth to total
length) was assumed to be 1/15,

4. Weld toe stress'conéent:ations. The weld toe stress fields

recommended by Lawrance(19) were used., The conastants are
reported in Table 6.4.

‘Sa Initial crack sizes. The procedure for calculating the
initial crack size, proposed by Chen and Lawreﬁce(aa), was

used, These crack sizes for various plate thicknesses are
given in Table 6.5. C

-
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The results of the individual ﬁenchmark studies are reported in the
following:

Crack "Growth in Air

Analysis number 2 was used to verify the calculation procedure
against an experimentally derived design SN curve for joints with
the same wall thicknegss (16mm). ‘The results are shown in Figure
6.30. “Generally very good agreement is noted. The computed break
point in the curve occurs at close to 107 cycles, which is in
agreement with the design SN curve. At lives beyond 107 cycles the
FM analysis predicts a smaller negative slope for the SN curve than
the widely used design value (-1/5). This valve is, however, known
to be a conservative approximation to the actual behaviour in the
threshold regime.

Effect of Stress Distribution Factor, l'

‘A comparison between analyses numbers 2 and 3, for which ks = 0.15

and 1.0 respectively, is shown in the form of SN curves in Figure
6.30, and as crack growth characteristics in Figure 6.31. It may be
noted that for a given hot spot stress range, increasing l’ causes a
substantial reduction in the fatigue life. Significantly, a high
value. of xs makes the crack mich more difficult to detect since the
crack is at an inspectable size for a much lower proportion of 1its
total 1life.

Effect of Wall Thickness

The effect of wall thickness is demonstrated'by comparison of the
results of analyses 1 and 2 -in Figure 6.32. The expected reduction

.in fatique life is noted, and close agreement obtained with the

appropriate SN curves.

Effect on Environment

The effect of environment on the fatigue life 1; shown in Figure
6+33 by comparison between analyses 2, 4 and 5. The comparison
between the air environment and freely corroding seawater conditions

is as expected, with a reduction in the fatigue life in seawater.
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The SN curve for seawater with cathodic protection is unuﬁuai, with
a reduction in 1life at higher stress ranges and a very significant
increase at lower stress ranges. ‘These comparisons, reported in
terms of the total life, are disproportionately affected by the life
spent as a small crack. Plotting out the crack growth
characteristic against the residual life (Pigure 6.34) shows that
the behaviour for cracks of finite size is less sensitive to the
surrounding environment. This is an important conclusion saince

underwater inspections are aimed to detect cracks of this size.,
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6.4 Crack Stability

6.4.1 Introduction

This section reviews methods of assessing the stability of cracks in
. steel structureé. The cbjective of a crack stability assessment 1is
to determine, for a given crack size, the load which will cause
unstable crack extensicn (ie. fracture). Stability assessments are
frequently conducted in conjunction with fatigque " crack growth

studies .

]
1

Calculations on crack stability, 1{1 common with fatigue crack growth
analyses, rely on fracture mechanics techniques. In several
respects, the emphasis of the two analysis procedures is rather -
different. Firstly, unstable crack extension is generally preceded
by ylelding in the crack zone, and this should be accounted for in
the analysis. Secondly, the number of loadcases to be considered in
a stability assessment is 'generally much reduced', so it may be
possible to devote greater ef.fort into the analysis of each crack
size/loadcase combination.

There are a number of areas of difficulty associated with the
assessment of crack stability, including the following:

° The ' complexity of the analysis problem which either
necessitates the use of very powerful analysis techniques, or
the introduction of simplifying assumptions.

L The development and interpretation of toughness data for the
steel, both in the welded and unwelded conditions.

® Lack of data on residual stresses.
° The dJdiversity of apprcach of the commonly used assessment
procedures. ’

An additiocnal problem is that, unlike fatigque crack growth, test
results obtained from large scale specimens of representative
geometries are not available. There is thus no effectlve

benchmarking of stability analyses for cracks located in complex
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gecmetries, such as tubular joints, and it i3 therefore prudent to
utilise conservative assessment procedures. If good quality gteels
have been used in the construction, and if the structure 1s
well-designed so that the stress lgvels are moderate, it may be
possible to demonstrate conclusively that adequate defect tolerance
exists. in other cases the results will be more marginal, even if
the actual risk of crack instability is low, because of the inherent
conservatism of the asses;ment procedures. In these cases
engineering judgement must be exercised in the interpretation of the
results, and consideration should also be given to the consequences

of failure.

‘General background

Overview

The fajlure of flawed structures acting under tension is governed by

two separate, though interrelated, processes:

51. Crack extension (fracture)

2. Plastic collﬁpse

R fundamental aspect of any assessment procedure is the manner in
which the tworfailure mechanisms are handled. The simpiest approach
is to treat each mechanism separately for the purposes of the
analysis, and to link the two mechanisms by a failure interaction
equation. This approach may be typified by the CEGB' RS method(36).
The alternative strategy is to perform a rigorous analysis of crack
stability, making full allowance for plasticity as appropriate. 1In
such an analysis, the calculated crack driving force will
automatically tend to 1nf1n;ty as plastic collapse approaches, and

hence failure will be correctly predicted.

It is generally accepted that there are three basic regimes which

»

govern crack extension:

1. ‘Linear elastic behavidﬁr, which governs brittle failure.’
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2. Elastic-plastic behaviour, associated with ductile failure.
3. Tearing behaviour.

In the linear elaatic and elastic-plastic regimes failure 1s
generally defined as ‘the point at which crack ‘'initiation' occurs,
where in this context initiation means the onset of crack growth
under static loading. The tearing regime is concerned with the
behaviour of the crack after in:l.tiation. Although widely used in
the nuclear industry, the types of stesls and the service
temperatires severely limit the applicability of tearing stability
methods in the offshore industry, and they will not be considered
tuxthe.r in this report. '

For both the linear elastic and the- elastic—plastic regimes the'
criter:l.on for tailure is of the following form:

Crack Ariving force parameter > material resistance
parameter ] (6.22)
In the linear elastic case the crack driving force is characterised
by the atrass- intensity factor (KI}" and the material resistance by
the plane strain fracture toughness (KIC).. However, steels with
gocd low temperature proPert:}ea, commonly used in the offshore
industry, generally preclude true brittle failure, and linear

elastic methods are therefore of secondary interest.

In the elastic-plastic regime the c¢rack driving force and the
material resistance may be charac:ter:l.éed by the crack tip opening
displacement (CTOD) or the J=-integral; the two quantities are
somewhat interchangeable alt}lough the CTOD is much more widely used
in the offshore industry because of the availability 'of material
property dJQata. An important difference compared to the 1linear
elagstic regime is that the crack driving force-is not proportional

" to the load, tfpically varying with the square of the load.
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6.4.2.2 Basic analELcal approaches

The most widely used analytical methods are linear elastic
techniques which have been derived fo compute stress intensity
factors. A number of compendia of solutions and analyi:ical
techniques are avallable which eqable SIFs to be computed for a wide
range of gecmetries and loading conditions - a review of these may
b.e found in Reference (11).

The SIF is of limited use in crack stability calculations because
for the high toughneﬁa/low yield stress steels commonly encountei.-ed
in ' the offshore industry, fracture 1is generally preceded by
significant ylelding. The role of plasticity in the behaviour of
cracks has been investigated in a number of detalled analytical
studies performed using nonlinear finite element analysisnn. An
important conclusion of this work was the fundamental difference in
behav.iou.r between 'contained’ and "uncontained®' plasticity.

COntain;d plasticity typically occurs around short cracks, with the
plaitic zone .nét extending to any of the free surfaces of the body,
except possibly breaking back to the faces of the crack. This
typically occurs with cracks in localised stress concentrations,
such as at fillet welds. Provided that the crack is small, the
plastic zone may remain contai;xed even for applied stz;ess levels
approaching general yield. For uncontained plasticity the §1ast1c
zone extends across the full width of the body at the cracked
section, and marks the onset of plastic collapse. An example of
each, for an internally pressurised cylinder, is shown in Figure
6.35. It may be noted that a greatly increased crack diving force
accompanies the onset of uncontained plasticity.

Provided that the plasticity is contained, the stress fields
surrounding the crack are not greatly affected by the presence of
the plasticity, and linear elastic methods of analysis remain valid,
with some mo&if.ications. The most usual modification is simply to
increase the affective crack size by means of a. plastic. zone

(38)

correction 7 this procedure has been found to be effective for
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applied stresses up to approximately 80% of yield, although this is
dependant on the geometry and the material properties.

An alternative approach for performing an approximate .analysis of
crack tip plnsticity is the Dugdale strip yield model‘ag’ In
theory this model is only applicable to cases where limited yielding
occurs, but it has beeanound that the solution can perform well ‘at

load levels approaching plastic collapse.

A major advantage of analysis methods which depend on modifications
of linear elastic techniques 1= that the wide range of available
elastic crack tip solutions may be used. These analysis methods are
generally both easy to use, and are sufficiently powerful to handle
coﬁplexities such as non-uniform stress fields and arbitary crack

geometries.

When uncontained plasticity occurs, true elastic-plastic analysis
methods should be used. Ii is of course possible to undertake a
nonlinear finite element analysis for the geometry under
consideration, ;1though this is 1likely to be prohibitively
expensive, particularly since a separate analysis must generally be
performed for each loadcase. However, for certain simple gecmetries
parametric studies have heen performed which enable the crack
driving force to be read from tasles of resu1t8(4°). The gecmetries
studied include cracks in tubular members and pipeliﬁea. and in
plated structures (deck girders, etc), but do not include more
complex configurations like tubular Jjoints. Whilst the range of
geometries studied to date is somewhat restrictive, it 1is
anticipated that this range wi;l be extended in due course.

By far the most widely used analysis method for use in-practical
situations is design curves. ‘The most important of these is the
CTOD design curve(41), reproduced in Figure 6.36, which computes the
applied CTOD from the strain acting in the crack 1location,

calculated for the uncracked body.
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This curve 1is closely paralleled by the less widely used J-design

curve( 43) .

The major advantage of design curves is their inherent
simplicity and eagse of use. ‘However, by virtue of their simplicity
they are unable to cater adequately for the full range of probiems
encountered and the yesultant factor of safety 1s variable. A
number of criticisms have been levelled against the CTOD design
curve, of which perhaps the most seriocus are that plastic collapse
is inadequately treated, and that 1little guidance 1is offered on
computing the strains for use in the design curve equations.

(44, 45) have recently been made to overcome these

Several proposals
major failings, and it is likely that these proposed modifications
will achieve officlal status in due courss.

An alternative design curve approach is the CEGB R6 met.hod(aﬂ,
which takes the form of an interaction diagram for failure arising
from either fracture or plastic collapse (see Figure 6.37). Whilst
this method overcomes most of the critisisms afflicting other design
curves, its applicability in the offshore industry is undermined
because the fracture criterion is expressed in terms of the plane
strain fracture toughness, for which there is comparatively little
test data available. 2an equivalent curve,‘ utilising CTOD as the
parameter to characterise fracture, hag been proposed by Anderson

and co-workefs“s) .

(46, 47) have been performed to compare the

A number of studies
relative performance of the most widely used design curves. One
Tecently performed st.udy( 4n vhich made a careful comparison between
the CroD design curve and the CEGE R6 methods arfived at the

following conclusions:

1. The RS mei:t;od developed wa}.i-behaving ~solutions with narrow

scatter bands. The solutions were conservative in all cases.
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2. The CTOD design curve developed solutions with a wide scatter.
A number of these solutions were unconservative, particularly

at high applied stress levals.

3. The performance of the CTOD design curve could be improved
very significantly by making use of the actual stress-strain
curve of the material, and by taking proper account of the
gecmetry and the actual loading on the crack. '

Design curve assessment procedures will continue to be used for the
foregeeable future because of the practical advantages in their
application. Although methods of improving the accuracy of design
curve methods have been identified, it nonetheless remains essential
to include an adequate factor of safety within the procedure to
cover all possible applications of the méthod. This "may be
unsatisfactory for certain situations where a large factor of safety
is not required. It is therefore likxely that muiti—level assessment
proca&hres will £ind greatef usage; in these a design curve would be

- uged initially to give a simple, conservative assessment of defacts

but more advanced methods would be used for critical applications,

or where greater accuracy was required.

Material Property Behaviour

In an assessment of crack stability in steel structures a knowledge
of the materials properties for the compcnents under examination 1s
required. ‘The type of data needed is dependent in the analysis
being carried out. .
For the CTOD based approach, both the CTOD value, §, and the yleld
strength Fy are required. When determining the tougﬁéess, the
material can exhibit different behaviour with the following
toughness classification; : ’

Bc, crack tip opening displacement at either unstable fracture or at
the onset of an arrested brittle crack when there is no evidence to-
suggest that slow crack growth has occurred.
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61, crack tip cpening displacement at which slow crack growth
commences .

ém, crack tip opening displacement at first attainment of maximum
load plateau.

611' crack cpening displacement at either unstable fracture or onset
of arrested brittle crack or pop-in where there is evidence to
suggest that slow crack growth has occurred.

These types of behaviour are illustrated in Figure 6.38 and can be
thought of in terms of a measure of the degree of ductility of the
mteﬂ.al- The behaviour is dependent on the inherent nature of the
material (which is a factor of chemical composition, heat treatment,
steel making practice etc) and also on the temperature of testing.

‘Generally for offshore steels at the temperature of :I.nteres.t

(=10°C), 6c and, to a limited extent, Gu valuas occur.

JM discussed in the previous section, the CTOD approach is only
applicable to cases where limited yielding occurs. Where a material
exhibits a high degree of stable, ductile crack extension, use of

the 6u or ém value can lead to unconservative assessments. To
maintain the conservatism in the analysis the selection of the
critical CTOD should be limited to that at the crack initiation ie.
éc or 61 rather than that at the maximum load fqr‘highly ductile
materials which can develop extensive stable tearing befeore crack
instability. |This suggests that a li.mitation of applicability of
the CTOD design curve method can be direc-tly related to the
capability of a material for ductile tearing before crack
instability. For most of the steels used in the HNorth Sea the
amount of stable cracking before instability will be limited and on
the whole the CTOD concept will remain applicable at the temperature
of interest (=10 to + 4°C) provided that the value of .crack
initiation is used and the appropriate steps are taken to maintain
conservatism as outlined in the previous section. It should be

emphasised, however, that although a method for determining the



o TN e JOND e NN svsve [NR o JNK o NN g JRNNN s SN st N oot JON ot NN s SN o SN s SN s SN soouc Y vt SN s Y st [ oo |

|

- 6.39 = WOL 109/86R
initiation value §, is outlined in 885762“8), in relality it is
often a&ifficult to determine this on the load trace and the
specimen. An "alternative method for predicting this stage is to

construct the materials resistance curve, R“g).

In easence, the
R=curve is a graphical representation of the variation in crack
growth resistance during the process of stab1§ crack extension. but
also provides information at the point of crack initiation. It is
directly compatible with tearing utabiliéy analyses and is likely to
become more important as offshore steels improve in quality in the

future.

For an R6 analysié, the crack initiation sfress intensity factor,
xIcand the flow stress are required. The latter is usually taken as
the average of yield and tensile atrength for work hardening
materials. Por other analyses such as J-integral or the WI L;vel 2
method (see Section 6.4.4) the material's resistance can be measured
either as a J-integral or again the CTOD toughness. However it
should be noted that the material's stress-strain curve 1s required

for satisfactory assignment of correct Ramberg-Osgood parameters

‘although it is believed that a good assessment of these is possible

from knowledge of the yield strength, tenslle strength and
alongation to fracture.

As Adiscussed in Section 5.2, the most generally available fracture
data available is :Ln the form of charpy impact data and rarely as
CTOD or KIC tcughness. 1In the ai:sence of the most suitable
toughness data for crack stabllity assessment, the Charpy impact
values have to be transformed into suitable toughness data at the
temperature of interest via transition curves and suitable
correlations. The first stage of transformation, ie. obtaining
Charpy values at the temperature of interest has already been
discussed in Section 5.2. The following section provides a means of
correlating the impact data to fracture toughness and illustrates

the conservation of the correlations with two e_xamples.

6.4.3.1 Correlation of Charpy Impact Data to Fracture Toughness Data

To obtain the appropriate material fracture resistance, 6c' used for

the crack stability calculations, a correlation relating Charpy

i L L - e+ e rm v e emem——cm e aw
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impact energy to CTOD toughness is essentially required. However,
correlations of parent plate and HAZ toughness have not been
attempted bééause Charpy impact requirements for steels have
generally been derived from large scale wide plate fracture
initiation tests and correlations of the smaller initiation test
(CTOD), to Charpy impact values have not been required. Hence ci'on
toughness has been measured for welding procedure qualification,
comparison of effect of varying" welding procedure techniques on
toughness and for engineering critical assessments where ‘croo
toughness is the most sultable material property input parameter.

For weld bmatals, “the situation is slightly different in that few

wide plate tests have been carried ocut and attempts. at CTOD/Charpy
(51)

. Although direct comparisons do not exist for EAZ and parent' plate,

empirical correlations of impact toughness to the plane strain

fracture toughneass KI(': do existtsz) and have been subject to
(53) '

review Of the correlationg in existence, a number are sghown .to

.be conservative with respect to measured r&c values of BS 4360 50D

steel having a Charpy transition curve similar to many of the steels
used in the North Sea. (See Fig 6.39). Those correlations marked

{(S) and (9) in Figure €.39 and due to Rolfe and Novakw“
(55)

and
Sajilors and Corten are most appropriate for consideration' here
due to having been derived from impact data in the transition range
and having the larger data basa. Of the two, the Sailors and Corten
relationship gives the more conservative appfoach except at impact
energies less than 19J but as the Rolfe and Novak correlation has
been derived from a greater number of steels including those of
similar -strength levels to steels used in the North Sea it was

decided that this is the most appropriate correlation to use.

Having converted .the toughness data from an impact value to a linear
elastic fracture mechanics value, it is then necessary to replace
this by the elastic-plastic fracture resistance, CTOD, as

appropriate to the crack stabllity assessment being carried out.
(56)

.FPor this, the analysis of Ingham and Harrisocon proves

particularly useful. In a study of the various methods of

determining defect acceptance, an attempt was made to correlate, on
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theliasis of experimental relationships, between xuc (vpper shelf
initiation toughness) and CTOD at temperatures corresponding to
upper shelf and upper transition conditions and between KIC and CTOD

for lower shelf and lower transition_conditions.

The results gave the following relationghips;

UPPER SHELF TEMPERATURES (T > 10°C)

2 ‘2 ‘
S = K&C__“ v') where Pf F ; ru (6.23)
15 E Fg

UPPER TRANSITION REGION (-4°C < T < + 24°C)

2, .2 .
§=n (k)" (1-v) . (6.24)

mEF
Y

LOWER TRANSITION REGION (=73° < T < =4°C)

2 2 :
§=n (K ) (1 =v) : (6.25)

mEF
Y

LOWER SHELP TEMPERATURES (T € = 73°C)

2 2
6=x " (1- v ) _ (6+26)
ZF E
4

(m,n are experimentally derived constants)

Equations (6.24) and (6.25), applicable to the transition range are
essentlally the same, the only difference being the measured value
of fracture toughness, either‘xac the elastic/ﬁlastic fracture
toughness, or KIC the plane strain fracture toughness and the value
of M (wvhere M = m/n) . applicable for the temperature range in
question. As the correlation of Charpy toughness to fracture
toughness 1is bagsed on linear elastic determinations, it 1is
appropriate to use equation (6.25) where the measured values of m
and n give a value of M between 1.73 and 1.87 depending on
temperature.
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The lower figure is- applicable to the upper end of the temperature
range ie. towards -4°¢ therefore it is considered appropriate to use
a value of 1.75 in determining the .CTOD levels of the steels in
common use in the North Sea and maintain a continuing level of

conservatism.

Thus the follow‘ing procedure is recommended in arriving at a CTOD

~ toughness level for each area of component/joint of interest.

1) Determine the average Charpy impact toughness for the
component/3oint in question from the mill sheets available.

2) : By use of Charpy transition curves, relate this to impact
toughness at 0°C or =10°C, whichever is appropriate.

3) Convert Charpy impact toughness to linear elastic fracture
toughness using the Rolfe and Novak correlation:

g;xcaz/z = 0.22 (cv)1°3 (6.27)

4) Convert x:c v;lue to elastic plastic fracture toughness, §,
using the following relationship;

§= KIC (1 = v2) Where F_ is the appropriate value of yleld
W E ~ stress »

Yy

!b:amples of Correlations

(1) Table &M 6 gives some data on BS 4360 50D steel provided by the
Welding Inatitute(57)
testing. However by taking the minimum recorded Charpy value
at -50°C of 217, a CTOD toughness of 0,027mm is ‘cbtained for
that temperature via the above correlaticns. The minimum
toughness recorded in CTOD tests at  -78°C for the same

both for Charpy testing and CTOD

material was 0.049, Thus a safety factor of 1.81 was
introduced by the correlation irrespective of the extra
conservatism introduced hy the difference in test

temperature.
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(ii) Heat Affected Zone and Weld Metal

Table 6.7 gives data for Charpy and CTOD toughness of HRZ's
and weld metal from two sources (58+ 39) | por the heat
affected zone, a mneasured Charpy impact value of 41J
correlates to a CTOD toughness of 0.071mm compared to the
actual measured value of 0.13mm, indicating a safety factor of
1.84,. Likewise for the weld metal data taken from Wong and
Rogersontslg) the CTOD figure derived from a Charpy value ot
76.3 is 0.19 compared to the actual measured value of 0.37.
Note that as these are upper shelf values, equation (6.23) has
also been used assuming a low value of flow stresa of 475
l‘t/mm2 for the weld metal. This slightly reduces the toughness
value to 0.18mm.  These examples indicate that the
conservatism introduced by this approach ¢o deriving an
appropriate CTOD toughness is quite high with a safety factor
of just under 2 being common. However, due to uncertainties
in data and areas of applicability for the correlations, it 1is

felt that this degree of conservatism is approp:iaté.

Benchmark Studies

A simple benchmark study on ‘crack stability has been performed to
demonstrate the use of some of ‘the stability assessment methods
outlined in this section. The methods selected have been chosen
because of their ease of use or accuracy. The CTOD design curve has -
not been .selected because of its inherent limitations, and because
it 4is, in its present form, likely to be superseded in the near

future.
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The problem selected, which has also been analysed in Reference
(47), is a tubular member with an internal circumferential crack
loaded in tension. This geometry would be representative ofj a
tubular member or a -pipeline with a crack developing from a
circumferential butt weld. Details of the problem are shown in
Figure 6.40, and the material properties are presented in Table 6.8.
The stress-strain characteristics, which have been idealised as a
Ramberg-Osgood material, are plotted in Figure 6.41.

In this benchmark problem, the definitioﬁ of failure is based on the
initiation of crack extension, which may be expressed as:

6app =&

wheres aapp is the applied CTOD |

6c is the CTOD at the.onset of crack extension
(6.28)

The -results of the analysil are presented in the form of a stability
diagram, Figure 6.43, in which the failure load is given by the
intersection point between the crack driving force curve and the

- toughness line. For design purposes, it would be necessary to apply

a factor of safety to the load to preéent fracture from occurring.
The selected value wouid depend on a number of consliderations,
including the consequences of failure, and the forewarning of
imminent failure, but it would not normally be less than 1.5.

(1) Plastic Zone Corrected Elastic Solution

The stress intensity factor for an internally cracked cylinder
under axial tensile stress ft is:

K = £, /ma ¥ (ni/a , a/t) (6.29)

where the function Y{Ri/no, a/t) is given in graphical format
in Figure 6.42.

The plane strain plastic zone correction is calculated as
follows. The crack tip plastic zone size is approximataly.

= é/aur; : (6.30)
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When a plastic zone has formed, the effective crack size
baccmes

ors = 2 + ry | {6.31)

The effective crack size LI is substituted for in Equation
(6.29) and KI is recomputed. It may be seen that the new
value of X_ will affect the size of the plastic zone, and it

I
is thus necessary to iterate Equations (6.29) to (6.31) -
convergence is normally achieved in 2-5 iterations. Finally,
the CTOD may be calculated from the stress intensity factor,

as:

4. x2
6app = B (6.32)

Y
where E' is the effective modulus

(= E for plane stress, E/( 1-v2) for plane strain)

The applied CTOD is plotted against load in Figure '6.43.
Although the computet:l CTOD is accurate at stress levels up to
250 N/mz, which is approximately 80% of general yield, beyo.nd
thie level the predicted CTOD is underpredicted as expected
from ‘the Jmown behaviour of this analytical model. A separate
calculation should be performed to check for plastic collapse
at the cracked section, which in this case governs failure.

Flastic ~ Plastic Finite 'Element Solution

Parametric studies on various cracked geometries 'hav_re been
performed by the EPRI(”) « In this work, the crack driving"
force, expressed in terms of the J-integral, is computed from

the equation

. £2
T = gla e Ri{ R)
+ a (F 2/B) (T-a)h(a/T; n; R /R ) (£/F )1 (6.33)
Y 1""o Yy
- Jep + JP {6.34)

where g and h are functions computed in Reference {39).

a _es is as defined in Equation (6.31)
@, n are constants in the Ramberg-0Osgoocd@ material
model.
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- The equaticn h&s two  terms, which correspond to the

elastic-plastic and the fully plastic regimes. At low load
levels the first term is the more important, whereas at high
load levels the second term becoines dominant. It should be
noted that the second term scales with the applied load
level, raised to a power dependant on the work hardening
properties of the material. This feature, which leads to a
great simplification of the form of the solution, is a result
of the use of the Ramberg-Osgood material mecdel. To convert
EFquation (6.33) to the more familiar CTOD, the following

should be used:

4 I J
8§ me— P4a B ‘ (6.35)
app X ry nry. . .

where dn is a conversion factor dependent on the material

properties (= 0.55 in the present case).

The applied CTOD for this model is plotted in Figure 6.42.
Bacause the analys.jls technique takes full account of the
plastic response, the computed CTOD becomes large as plastic
collapse is approached. At lower load levels, the results are
close to those predicted by the simpler modified elastic

solution. »

The WI Level 2 Method

As part of a comprehensive review of methods t'o overcome the
inherent weaknesses of the CTOD deaign curve, as presented in
Pﬁ6493. the Welding Institute have recently proposed a 3 level
agsessment procedure.(“). The level of the procedure to be
used in a given case would depend on importance of and the
stress levels in the structure under examination. The 2nd
level procedure, which is intended to combine accuracy with
sin;plicity of usa, calculates the appi:l.ed CToD from the

following equation:

ntF a ¢ a £ y 4 2
8 - [ P [2 1n sec d _n.)] + _f,] (6.36)
app E !n ] 2 FY FY
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where fp, and f.‘ are the effective primary and secondary
stresses, as defined in Reference (44).

fn is the net sect;.ion stress, defined for this gecmetry as:

£
£ t

a” T-aT (6.37)

Equation (6.36) is derived from the expression for the CTOD in
a centre cracked panel under tension. The wvalue of the
equntion. becomes wvery large as the quotient fn/ry tends to
unity, which represents onset of plastic collapse. This test
for plastic collapse 1is conservative, sincé the actual
collapse load is generally higher owing to constraint and work
hardening. It is also known that under conditions of high
bending stress, as at the hot spot of a tubular joint, the
collapse oi.; the remaining ligament at a cracked section will
be restricted by the general continuity of the structure“s).

Although derived originally for a very simple gecmetry and
loadjang com_lition, Equation (6.36) iq extended to other more
complex cases by means of the calculation procedure for the

effective primary and secondary stresses, f.p and f'.

The calculated CTOD is st;own, together with the results of the
other two analysis methods, in Figure 6.43. Generally good
agreement is noted with the other models at stress levels up
to 250 N/mmz, but at the nominal collapse stress (320 N/mz)
the crack driving force tends to infinity.

The results of the study oraphically illustrate the interaction
between crack stability and plastic collapse; because of the high
toughness level in the steel (8¢ = 0.93mm), the latter mechanism
governs failure. Methods which d& not specifically address plastic
collapse do not perform well in this regime, but may be more
satisfactory when applied to the lower toughness. materials commonly
found in weldments. A '
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The Welding Institute level 2 model 1is conservative in its treatment

I" . lirof plastic collapse = a 'simple improvement in this :respect would be
to subut_.itut'e the flow stress for the yield: stress "in - Equation

ierente 1(6.36) to give a’'better estimate of the collapse:load. - The handling
::of plastic ‘collapse "is :likely :to' be *excessively conservative .for

nv. r  ‘hending 'loads where restraint is provided by the remainder of ‘the

Fri+'" gtructure. . A summary of the.applicability of :the 'three methods
=t e - ingyestigated is given in Table 6.9. .
6.5 . .ilAssessment of ‘Structural Redundancy L L T P

2

T P T L P oowervlyens re ity o tore gy srrasac
Structural . redundancy :plays -'a major. role-'in - -determining an optimiszed
inspection -plan.:~ The classification of a member or joint as fracture
critical or non-fracture critical is largely dependent on the redundancy of
the structure. !

It is potentially very.costly and time consuming to investigate redundancy in
a jacket ‘type !structure; ~and thersfore the 'msthod for achieving this should
be carefully ‘considered.:: I.i.% .0y Un WIel ol G

The basic . methodifor. establishing structural redundancy is to sever the
member being investigated, and to re-run a linear elastic static strength
analysis !for the jacket." : A more rigorous methed would involve analysing the
iacket, with.:the -severed ‘member, .by " an elastoplastic static strength
analysis. " The -elastoplastic analysis is more rigorous since members adjacent
to the severed memher -may 'become - plastic and, in -turn,. cause -a secondary
distribution ‘of - loads in the - jacket. ' "In ’the ° limit, ithis. secondary
distribution - could lead ‘to ':progressaive - collapse “:of ithe: “jacket due to

% oge amh - %

formation of a mechanism.’ 7 7 o : AR AR

gt LY 0 Tt oL ovhe Dol Ty R S ST b DL &
The complexity “and’the “cost 'of 'a 'large ‘nonlinear ‘ ‘analysis’ ‘should ‘not™be
underestimated. ' One operator who was performing ultimate load studies on a
southern ‘North Sea ‘'gas .platform quoted computer run times in excess of 100 x
those for -an! elastic'’‘analysis."" From  the'-technical , standpoint,” whilst
aiastirplasﬂc beam theory is'reasonably well established -and can give' good
answers for simple ' geometries,’'the nonlinear behaviour of tubular’joints is
considerably more®complex.: ‘At’ the present time a full nonlinear analysis
cannot be considered a realistic alternative, except for small structures
where the degree of nonlinearity is low.
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Example 2 shows the procedure required ‘to compute ‘fatigue crack growth
characteristics - for a 1ong:|.tud:l.nal crack at the chordside weld toe in a
simple tubular joint. The example 1s créss raferenced in Section 8.1.

Example 3 shows the assessment procedure for a crack stahil'.tty‘ study of a
longitudinal part-through crack in a simple tubular joint.

Example 4 shows the assessment procedure for the effect of a damaged member
on the utilisation of adjacent members. - '.Ihis procedure is illustrated by
investigating the consequences of a damaged member on a small jacket
structure. '
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EXAMPLE A B h
D (mm) 356 406

t (om) 12.7 12.7

L (om) 13904 12450

£, (N/mm2) 355 2358

d (zm) 40.3 78

x (xm) 9635 7644

u (mm) 127 110

U (N.om) 6.6 x 107 | 5.6 x 107

dent depth

location of dent from member end

displacement at dent location

estimate of energy involved in the collision

TABLE 6.1 = DAMAGED MEMBER PROPERTIES

PR
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CHORD SIZE

ANALYSIS A ENVIRONMENT
REFERENCE (mm)
1 914 x 32 0.15-] Air
2 457 x 16 0.15 | Alr
3 457 x 16 1.0 Alr
4 457 x 16 0.15 Seawater, freely corroding
5 457 x 16 0.15 Seawater, cathodic polarisaticn

Note: This table to be read in conjunction with Section 6.3.5

TABLE €.3 - SCHEDULE OF BENCHMARK ANALYSES
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THICKNESS{MEMBRANE TENSION| BENDING
(zm) ( = 1.0) ( = 0.0)
16 3.65 2.44
25.4 4.33 2.81
32 4.74 3.03
38.1 5.08 3.22
50.8 5.71 3.56
63.5 6427 3.86
82.55 7.01 4.26
101.6 7.67 4.62
107.95 7.67 4.73

Note: Weld toe stress field is of the form

g = £ (x -1 exp [-35 (K, - 1) a/T]

i

(24}

" WOL 109/86A

TABLE 6.4 = VALUES OF K_ FOR WELD TOE STRESS CONCENTRATIONS

t

FOR GRADE 50D STEEL
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| reICKNESS|MEMBRANE TENSION| BENDING

(zm) ( = 1.0) ( = 0.0)
16 0.12 0.22
25.4 0.15 0.28
32 0417 0.31
38.1 0.18 0.34
50.8 0.21 0.39
63.5 0.24 0.44
82.55 0.27 0.50
101.60 0.30 0.56
107.95 0.31 0.57

TABLE 6.5 - :yxTIAL CRACK DEPTHS FOR FATIGUE CRACK STUDIES
FOR GRADE 50D STEEL {(units : mm) (after Chen & Lawrence

" WOL 109/86A
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BS 4360 500 (Reference 57)

Material Property Temperature
. * ‘
(o

CTOD toughness, 5c' mm

-78
0.099, 0.049, 0.147
0.127, 0.057, 0.221
Charpy Impact, CV, J
2
Yield Strength, fy, N/mm - -70

410

Correlation 21J at = 50°C

—_— = 0.22 (CV)1'5
= 0.22 (21)1'5
21.17

KIc 2 1¥v2
e (T) ('m,_f) where m = 1.75

Y

o
]

21.17, 0.91
B e——

1,75, at0 - 0+027m

Minimum measured CTOD = 0.049mm
Safety factor = 1.81

TABLE 6.6 = CHARPY V NCTCH TO CTOD TOUGHNESS CORRELATION
FOR BS4360 50D STEEL
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NKX (Reference 58)

Submerged Arc welding

Heat Input = 3.5 kJ/mm
HAZ CV at = 40°C - 417
CTOD at = 40°C = 0,.130mm -
*
Fy - at = 40°C = 425 N/m2
CV correlation gives CTOD .at - 40°C = (0,071

1.84 safety factor
*Estimated from data; P = 39 N/mn® at 0°C
= 428 N/mm2 at =60°C

Wong and Rogerson {Reference 59)

MMA on BS 4360 50D

CV Upper Shelf = 76.33 r, = 400 N/mm?
CTOD Upper Shelf = 0.37mm FY = 550 N/mmz

Using equation {6.25) lower transition region
76.33 correlates to CTOD of 0.19mm
safety factor = 1.95

Using equation (6.23), appropriate to upper shelf

76.33 correlates to CTOD of 0.18mn
Safety factor = 2,06

-

TABLE 6.7 = CHARPY V NOTCH TO CTOD TOUGHNESS CORRELATIONS
FOR HAZ AND WELD METAL
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Iow (éc/Fy) steel High (6c/1'y) steel

2.

Bending | Tension Bending | Tension
Modified elastic solution Y : Y N“) . N
(2)
WI level 2 model Y Y b 4 Y
Full elastic-plalstic solution Y Y Y Y -
_Hotes: 1. May give acceptable answers if adequate restraint provided by

continuity with the remainder of the structure.

Excessively conservative if restraint provided by continuity
with the remainder of the structure.

TABLE 6.9 - APPLICABILITY OF THE ASSESSMENT METHODS TO VARIOUS

PROBLEM TYPES
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7. DEVELOPMENT OF AN 'OPTIMISED' INSPECTION STRATEGY

7.1 Introduction

It was pointed out in Section 2 that alternative approaches to structural

-inspection are avallable which provide a greater degree of reliability than

the - traditional approach, which 1is primarily governed by statutory
requirements, the nominal fatigue lives and the 1likelihood of ultimate
failure of the components inspected.

In this section, an approach to the optimisation of underwater inspection is
developed in some detail for a steel jacket structure, the most complex
subsea item for which inspection plans are required. The principles can be
adapted to other subsea items with appropriate simplifications and
modifications (see Section 8.2). Although it is S.nevitab]_.le (for various
reasons, discussed below) that some judgements will be subjective, the format
adopted attempts to maximise objectivity in planning for inspection.

The approach presented aims tc cover all of the major items having a bearing
on underwater inspect.ioh, and as a result is rather complex. Iﬁ is the
intention that operators may, if desired, implement only those aspects of the
approach deemed to be most important since this will, nonetheless, represent

" a considerable advance over current practice. Thers is then the option

available to introduce progressively the other agpects, if desired, until the
complete system is in place.

The system proposed requires a considerable quantity of data to be processed
when planning the underwater inspection, and it is recommended that a
computer database should be established to manage this. A microcomputer
based system would be adequate for most structures if a simplified version of
the total system were to be implemented. This would lend itself naturally to
the points systems proposed for inspection priority ranking.

It is emphasised that this approach is for inspection planning. Damage

discovered du.fing an inspection would always be assessed using the methods
described in Section 6. After assessment of damage, a decision on whether to
repair and what revised inspection strategy should be adopted for future
inspection of the component 15 fed back into the inspection planning database
developed in this Section.
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Use is also made in ¢this Section of damage assessment  technigues: in
rationalising :I.nsﬁection plans; components considered critical can be
assessed to determine the effects of damage before damage occurs. An
understanding of the development of a postulated defect in a component will
have an important impact on the strategy adopted for its inapection.

Subsection 7.2 reiterates the objectives of inspection. The development of
the overall approach, starting with overall philosophy and culminating in a
detailed methodology 1s the subject of the following subsections. The
methodology is illustrated by example in Section 8.1.

7.2 Inspection Objectives

The principal objective of an inspection plan is to provide a level of
reliability which is commensurate with the consequences of fallure. If a new
inspection strategy is to be implemented, it must satisfy the following

criteria:

1. There should be no reduction in the 1level of confidence in the
integrity of the structure.

2. Either cost or risk should be reduced, compared to the 'conventional
inspection strategy.

Little purpose is served in implementing an inspectlon plan which does not

meet these objectives.

7.3 Development of the Overall Aggroach

7.3.1 'ggneral

The approach to optimisation of underwater inspection is shown as a
flowchart in Figure 7.1. In this format it is possible to portray the
principal consideraﬁions which have a hearing‘ on the inspection
programme, and their relationship with each other. 1In this section,
the major concepts are introduced and discussed, and the method of
incorporating them in the inspection plan is demonstrated.

J
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7.3.2 Overall Strategy

The approach‘to development of an inspection strategy was dlscussed in
Section 2 and it was concluded that an 'optimum' inspection plan would

be based on consideration of the following criteria:

Consequence of damage

Failure mode

Likelihood of damage

Cost and reliability of inspection.

Attempts to be wholly objective in the design of an inspection

programme encounter the following problems:

1e

2.

13.

Size problem

Tt is immediately apparent that an almost infinite set of damage
scanarios, 1hc1uding combinations of different sorts of damage,
could be postulated.

Loading regime

The 1loading regime in each significant éomponent would be
generated as a matter of course during the design process but
whethef or not a component is ‘fracture critical' may be a
function of raslevant loading combinations. For example, if a
member acts in compression for 90% of its life, but comes into
tension occasionally during storms from a particular direction,
the member cannot be simply classified as a tension or
compression member. .

Practical considerations

The practical considerations the inspection planners need to
address include:

. Specification and location of the DSV,
] piving requirements,
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cleﬁning reqﬁireﬁenés and method,
Inspection methods,

Cleaning time, )

Time taken to inspect.

The realistic philosophy is to accept that, if the cbjectives set in
Section 7.2 are to be met, a combination of cbjective and subjective
decisions is inevitable in the design of a routine inspection plan.

Our aims in developing the plan must therefore be:

° to maximise the objectivity
] to use the best information possible in making subjective
decislons. .

In the following subsections, ways of achieving these aims are
developed. The methodology is to develop an inspection priority
ranking system to be used ‘as a tool by the inspection programme
designers. Before the techniques for developing the priority ranking
are discussed, the needs and requirements of the user are discussed,
and the idea of an expert 'review panel' is introduced. '

Review Panel

Accepting that judgements are inevitable for the successful
formalisation of the plan, an expert review panel is proposed. It
should contain, as a minimum, representation by:

Structural design specialists
Quality assurance specialists
Inspection specialists

Diving specialists

It is probable that there would be specialist metallurgical and
corrosion input and possibly input from the Certifying Authority.
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The functions of the review panei would bet

® to provide, from calculations and experience, input into a logic

plan for assessing the importance of inspection of each
component,
* to make judgements on which items of a list of preferred ltems

shall be inspected,

* to advise on inspection methods,

o to liaise with the Certifying Authority.

. It would be very beneficlal if the same group were responsible for the

offshore inspection management. Suitable quality and reliability
audit by outside specialists would also be appropriate.

Philosophy towards Inspection, Maintenance and Regaii

Although the basic principles behind the optimisation of underwater
inspeé¢tion are relatively well defined, they may be implemented in a
number of different ways, reflecting the operating procedures of the
platform Operator. The Operator's approach to a number of different
aspects should be clearly defined before attempting to implement an
underwater inspection plan. Aspeéts to be considered include the
following:

1. The degree of optimisation desired.

The Operator should establish its position as to wvhether a
highly optimised inspection plan is desired, or whether the
level of inspection should be determined primarily by statutory

© requirements.
2. Balancﬁ between cosat and reliability. .

The Operator. should determine whether it wishes to implement the
lowest cost scheme, or whether they are prepared to accept
increased costs in exchange for additional reliability.

\
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3. Importance attached to analytical pi'e'di.ctions.

The .:Lnspe'ction prograrme may be plinned largely on the basis
of analytical predictions of where to inspect, and with what
frequency. Alternatively, the planning may be based primariiy
on empirical rules. The operator should establish the degree to
which the results of analytical studies will be incorporated in
the planning of the inspection programme.

4. ‘Balance between planned and contingency inspections.

The total inspection effort will, in part, be planned in
accordance with the predictions of where the effort should be
directed, and in part on a contingency basis (ie. random
inspections)}. The cperator should establish the balance which
it wishes to strike between these two approaches.

7.3.5 Inspection Priority Ranking

A rational basis is required for the review panel to be able to assess
the importance of inspecticn of a given component.

The URP72 study 2“) report Section 5.2.5, proposed a 'ranking tree’
approach which indicated inspection priority for a component as a
function of probability of £a:l.1ﬁ're and consequence of failure. This
approach provides a useful method for the designer of a new structure
to ensure IMR costs are minimised. )
The m;service inspecticn planning for a real structure is more
coﬁplex and a more sophisticated approach is required. The Study 2
ranking tree does not allow decisions to be taken on which ccmponents
to inspect in a given year, as the inspection priorities will, on the

ranking tree basis, vary very little from year to year. It is not to
be implied that the  operator can therefore Jjustify a repeat

performance of an almost identical inspection plan each year.

- The assessment of importance of inspection of a component 'j' in a

given year, 'n', is a function of:

L consequences of damage,
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mode of failures,

likelihocod of failure,

cost and reliability of inspection,
inspection history/certification requirements.

Although a ranking tree could be developed which accommodates all of
the above, designing a points system would be difficult. As discussed
in 7.3.2, the amount of analysis to define the relative importance of
inspection for each component according to the above criteria would be
impractical. In any event, judgement would have to be made on scme
aspects of the ranking (for example, the relative importance of when
the component was last inspected) so that the outcome would be a
mixture of objective analysis and subjective judgement. If all
components were ranked on a single table, the review panel would be in
danger of believing “that it was making inspection decisions
objectively, despite the fact that part of the input is initially
subjective. Once a table was listed by computer there would be a
temptation to bealieve that the input parameters were infallible.

Simplification is therefore proposed. Currently, Certification
Authorities require a programme which is seen broadly to cover, as
separate inspecticn areas:

Corrosion condition

Fatigue conditions (Joints and members)
Member condition

Marine growth condition

Scour

As a first stage in simplification, a set of subcategories, such as
those above, would be defined and treated separately for review until
the offshore work programme is assembled.

It is proposed that an inspection ranking .be given on 2 conventional
computer spread sheet database‘ for each category. The subjective and
objective weightings for each relevant parameter in the ranking would
be exposed and effect of changes in the weightings could be assessed
at the touch of a few buttons. Hence, we propose to provide the
review panel with a simple working tocl, defined as cobjectively as
possible but which gives the review panel the opportunity of
estimating the effect of 'judgements' they may be proposing to make in
formulating the offshore inspection plan for a given season.

de em e T L v meaaemm -y
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7.3.6 The Role of Detailed Studies in the Optimisation of the Inspection

Plan

Tt may be appropriate to conduct detailed studies to agsist in
refining the underwater inspection programme.‘ This should in
particular be considered either for components which have a high
criticality rating where the objective would be additiona; safety, or
for components which are expensive to inspect, where the objective

would be cost savings.

The studies dJdiscussed here 'would be based on postulated d;mage,
performed for the purposes of opéimisatioﬁ. and would be undertaken
before performing the inspection; these studies should not be confused
with those conducted after inspection when a defect has béen found,
where the main objective would be to assist in a repair/no repair
decision. Typical studies which might be performed are as follows:

1. Rﬁdundancy .

A preliminary assessment of redundancy would be performed on the

basis of engineering Jjudgement by an experienced jacket

designer. More detalled studies would require a computer

analysis - techniques for performing this have been discussged in

Section 6.5. Redundancy studies have become common for bracing

members in the splash zone which are vulnerable to boat
. impacts.

2. Preventative maintenance (strengthening).

Strengthening may be considered for marginal components where
the cost of reliable inspection is high. If strengthening is to
be performed, the decision should be taken early in the life of
the structure, to reap.the benefits of the reduced inspection
requirements. If the strengthening is applied before any daﬁage
has occurred to the original structure, a full 1loadsharing
design may be adopted, with consequent reductions in weight and
cost. For this design approach, Certifying Authorities may
require that the original structure remains uncbscured by the
strengthening so that it can be inspected during future
ingpections.
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3. Refined fatigue analyses.

Refinements may be made to improve the accuracy of the 5N
fatigue analysis. Typical measures would include finite element
studies to Qdetermine SCFs for joints which are inadequately
represented by parametric formulae, Or the use of influence
coefficients to account for the effects of the loading in all
members meeting at a joint on the net stress. These detailed
studles would typically .also investigate the variation in
fatigue 1life around the Jjoint with a view to zoning the

inspection.
4. Fracture mechanics studies.

Practure mechanics studies could be conducted to investigate the
crack growth and stability characteristics. The basls behind
these methods, and the'information obtainable from thqn: have

been discussed in Sections 6.3-5.4.
5. Dented member studies.

Dented member studies are traditionally applied to perform an
assesment of dents aftef éhey have been detected'in a subsea
inspection. However, there is a strong case for using these
studies as a tool to identify those members in which the
strength is reduced disproportionately by the introduction of
minor dents. Suitable candidates would be compression members,
with slenderness ratios in the imperfection sensitive range, in
locations which exposed them to impacts from vessels or dropped
objects. Methods of performing dented member studies are
detalled in Section 6.2.

Pactors Affecting Insgection Priorifx Ranking .

The aim in deriving a priority ranking of components is to provide the
inspection plan designers with a decision assisting tool. For the
tocl to be of use, as many input parameters as possible should be
formilated on an objective basis. As discussed in 7.3, this is net
wholly practicable. The following discussion presents the approach
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recommended for each of the major input parameters. The way in which
the approach would be used to formulate a real plan is the subject of
Section 7.5.

Consequence of Fallure

The concept of consequence of fallure is closely assgciated with
structural redundancy, and with other considerations which may be
difficult to quantify. A points weighting scheme to assist in
quantifying the consequences of failure, applicable to a Jjoint, is
tentively proposed in Figure 7.2 (2). A similar system could be

developed for other classes of component.

The first action 1n.apply:|.ng this system is to classify the structural
component under consideration as primary, secondary or tertiary
according to its duty. Primary structure includes the main legs and
piles, major bracing members and principal members in the module

support frame. The conductor ladders and structure required for

installation purposes (launch runners, etc.) would be classified as
tertiary, and most of the remainder of the structure as gsecondary.

. The next item in the weighting system is assessment of the redundancy.

When applying the test to a brace member at a joint, it is important
to assess the redundancy of both the brace member itself and, at the
same time, of the chord. Both members should be considered together
in this manner since loss of the brace may also involve significant -
damage in the chord.

The concept of 'likelihood of other short term losses' refers to the
case where loss of a component :meediatel'y causes consequential
damage, such as causing a portion of the structure to fal.ls this in
turn might cause impact damage on lower portions of the structure, and
would involve costs for recovery of the item involved.

The concepts of 'immediate risk to life' and 'risk to the environment'
are probably more difficult than any other to quantify. Some guldance
on the way in which this may be handled, in connection with the
derivation. of suitable factors of safety for design codes, may be
found in Reference (2). The types of component which would inveolve a
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risk to life are mainly kséociaied with topsides structures, or with
a significant release of energy (tethers, prestressing bars, high

pressure lines, etc).
The items concerning 'risk of lost production' and ‘cost of repair®
are easier to quantify because they can be measured in financial

terms.

Likelihood of Fallure

A detailed discussion was givern in Section € of methods of
determining the likely modes and locations of structural failure.
Por each location, the relative likelihcod of failure is quantified
using the points system given in Figure 7.2 (3).

The likelihood of failure of a component 1s a function of:

design life and tim§ in service -
material gqguality .

fabrication quality

rate of corrosion

existing defects

marine and platform operations.

Desion Life: Use of conventional techniques

The following discussion is broken dowm into thosé factors which are

_functions of length of time in service (7.4.3.1 and 7.4.3.2) and

those incidences of damaga which might occur at any stage in a
structure's lifetime, ie. random damage (7.4.3.3).

Most of the above factors are accounted for in design -and, as a
corollory, a well designed structure can expect no damagé during its
design life other than from random accidental damage. Of course,
this expectation must not be taken too literally and studies prior
to commencement of a lifetime inspection programme will be effective
in identifying areas most worthy of attention (high consequence of
failure components). Older structures in the North Sea encountered
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damage, particularly from fatigue, which had not been anticipated in
design. This led to improvements in approach to fatigue design and
recent studies have shown that structures behave reagonably well
according to S-N curve tyﬁe reanalysis expectations. Nevertheless,
the level of experience of the reanalysis contractor is crucial in
designing a reanalysis model which will identify the areas
susceptible to premature fatigue. Real fatigque cracks.are ofiten the
result of poor fabrication practice, poor materials or at locations
simplified in the fatigue analysis (eg. the parametric derivation of
stress concentrations). Consequently fatigue analyses should only
be taken to provide guidance.

Again, we must rationalise our problem to a manageable “size. For
fatigue consideration, the suggested first cut approach is:

' execute fatigue analysis of global structure

e . identify other areas in the structure susceptible to fatique
but excluded from global analysis (eg. access windows in
braces, appurtenance connections)

® categorise components into broad classes, eg:
- class 1; fatigue life < 5 x design life

- class 2; % x design life <fatigue life < 5 x design life
~ ¢lass 33 fatigue life > 5 x design life

L carry out more detalled fatigue analyses (eg. FE shell’

analyses) on complex Jjoints in class 1. It 1is worth

remembering that if by so doing, a class 1 component can be

reclassified, then the analysis cost will almost certainly be
outwelighed by savings of a single inspection of that
component.

Rence it 1s proposed that FE studies are executed before planning
future inspection, and certainly before damage is discovered.

Design life: Use of advanced techniques

The discussion above relates to computation of design life on an S-N

curve basis. The actual development of a crack, usually developing
from a surface defect or defects, does not cause "fallure’ until it
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has progressed to a point where the component can no longer sustain
its required static loading, ie. until it 4is ‘'unstable'.
Conventional techniques assume that® the ‘safe limit' {called the
design life) of a crack is coincident with the crack propagating
through the thickness of the component.

Techniques based on fracture mechanics (FM) discussed in Section 6,
offer a more systematic approach to assessing the course of crack

development.

The way in which cracks develop during diffe:ent parts of thelir life
cycles varles according to geometry, loading and m@xerial
properties. What the inspection designer needs to know is 'when
must I inspect to ensure that I identify a crack {and have time to

" execute remedial procedures) before component failure?' rather than

'when must I inspect to ensure I identify a crack before it goes
through thickness?' Sectién 6 has demonstrated that confidence in
FM is -improving as the techniques are benchmarked against relevant
test results, but that there is still a paucity of data on post
through thickness behaviour of tubular joints.

It is impracticable to postulate all possible cracks and calculate

" probable growth rates and stability. It is proposed that the route

taken as 'first cut' in 7.4.3.1 be followed and detailed FM analysis
be carried out on components where premature cracks are anticipated

and where the consequence of failure is serious.

Hence it . is proposed that FE studies are executed before planning

future inspection, and certainly before damage is discovered.

Other damage

Although much of the testing work to support the design of tubular
structures has been retrospective, service expefience of static load
fallure due to service loading is‘very small. This is no cause for
complacency; the behaviour of tubular joints is conmplex and some
early design asgsumptions have now been proven unconservative.
Nevertheless, it is reasonable to assume that structurés designed to
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current standards are unlikely to fail under gtatic loading cother
than from the following causesi

. exceptional loading (eg. earthquake, impact, temporary or
permanent increases in topsides loading, unexpected marine
growth).

e inadequate corrosiocn protection or allowance

[ ] faulty materials or workmanship.

If the inspection design:ar has reason to doubt the quality of his
structure, or components thereof, higher weighting can be given to
their inspection priority. The most common damage problem offshore
to date (excludinq fatigue) has been damage from impact, either from
floating vessels or from dropped objects, although other damage
gsources (eg. member crushing under the weight of drill cuttings) has

also occurred.

Pr:l.mary components susceptable to impact damage could be assessed
for redundancy before planning inspection. 'i‘his i{s discussed in
gsection 6.5. It is almost certain, in view of the infinite range of
damage that could be caused in this category, that the inspection
planners would opt to carry out sxstmntic damage assessment only
when a component 1is found to be damaged, with a view to planning

subsequent inspection philosophy. Techniques for addressing minor
and major damage are discussed in Section 6. ‘The likelihood of
fallure in the light of the damage would be assessed as well as the
consequence. The likelihood is a function of the type of damagse,
load regime and possible failure modes of the component.

For the case of ultimate load failure, there 1s qenefa.lly little
evidence of distress until a local failure has occurred, and this
may be detected by general visual inspections or by structural
monitoring. Fallures of this type are usually' caused by exceptional
loadings, such as boat impact or from dropped cbjects; inspections '
should thus be carried cut as soon as an incident is reported, or if
other evidence is epcountered, such as unexplained debris on the
geabed.
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7.4.3.4 Other considerations

7+4.4

"rhere are statistical uncertainties assoclated with all the factors
which contribute to the inspection programme. For example, the

. maximum load in a member may vary from the predicted maximum load

and the strength of a member is also subject to variation about a
mean calculat-ed strength. There is a finite possibility that the
actuval maximum load may exceed the actual strength of a component,
as shown in Figure 7.3. Computation of likely distributions for all
variables represents an impractically large computing problem. In
practice, finite values would have to be assigned to each parameter
and  an assessment made mathematically of the likely range of real
fracture criticality based on sample data (benchmarking).

The problem can and should be handled practically by carrying out
random inspections on non-critical components. This should be e&sy
to accommodate in a real inspection programme; components would be
selected on the ba.sis of convenience to vessel location and
inspection priorities on fracture critical components.

Inspection History and Certification Requirements

The consideraticns of certification requirements are, strictly,
irrelevant to the development of an optimised inspection strategy.
Nevertheless, the certification gystem is an important part of the
quality plan and development of an optimised strategy in conjunction
with the Certifying Authority would be rational.

The following historical information must be accounted for in
developing an optimised plan:

° quality of records, _
™ inspection history and findings,
° when last inspected.

The quality of records and the inspection hisfory will carry a fixed
weighting through the 1life of the structure until such time as
damage is identified. )
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It is obvious that, for two components with equal priority in a
atructure, it is preferable to examine in year (n) the component which

was not inspected in year (n-1).

Bearing in mind that our aim is to give the review panel a ranking of
components for inspection in year 'n' (ie. a ranking which changes

from year to year), a simple weighting system is required according to
historical inspection timescale. As a first cut, an additive factor
is ﬁroposed to ensure that components for consideration in year ‘n'
which have.not been inspected recently appear high on the list.

A possible ranking for components would be:

Pactor

. Inspected last year add 0

® Inspected 2 years ago add 1280

. Inspected 3 years ago - add 2560

Inspected 4 years ago add 3840

® Inspected 5 years 2go add 5120

° Inspected more than 5 zwars ago add 6400 to cum.:tlative.
ranking

The value of the weighting has been derived on the premise that the
average component should be inspected e&ery § years under normal
circumstances. The ‘average' score under likelihood of failure
weighting, X, is 80, and similarly for the consequence of failure
weighting Y. The value of 1280 is optained from the product of (x)ave
and (Y)ave divided by 5,

ie.

20 % 82 - 1280

Cost and Reliability of Inspection

It is not the purpose of this report to assess the reliability of
independent techniques but rather to highlight the importance of a
thorough understanding of the reliability of techniques which are
adopted and show how they should be treated. The reliability of both
technique and operation must be considered.
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Before choosing an inspection technique for a specific component, the
planner must decide what quality of information he requires. For
example, if he knows that a through-thickness crack can be tolerated
in a specific component he may opt to use flooded member dJdetection
(FMD) with relatively low cost and high reliability rather than using
MPI (high cost, low reliability). If loss of the components is‘not
critical, visual inspection hight be selected.

The questions which should be asked in applying a specific technique
to a specific component are:

what quality of information is required?

what is the cost of inspecting by this technique?

what is the reliability of this technique?

what is the cost of inspecting to give a satisfactory

confidence level that the findings are accurate?

) is this cost commensurate with the inspection priérlty for
this location? )

] what 1is the cost of repair/strengthening for a specific

location?

If the cost of repair is lower than.the cost of identifying a defect
before failure and- the component 4is non essential to overall
integrity, it is self- evident that detailed inspection is not cost
effective. Detailed NDE should be replaced by wvisual inspection
(provided that failure will be manifest).

Strengthening should be considered wheres

™ cost of inspection is high
° reliability of inspection 1is low
° consequence and probability of failure are high.

Strengthening (preventative maintenance) is ugually cheaper than
repair.

In circumstances where inspection reliability is low in a component of
interest, repeated inspection in a single inspection season should be
considered, using different operators and techniques if possible.
Usually a large fraction of cost of inspection is attributable to
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cleaning. To clean once and inspect 5 times in a given‘}ear is likely
to be more cost effective than cleaning 5 times and inspecting 5 times
in successive years to give the same overall reliability. This
expedient should only be used for components with a low likelihood but
high consequence of failure, to minimise the chance of missing the

complete development cycle of a critical crack.

As adiscussed in Section 6, hi;torical work on crack growth has
concentrated on crack develomment prior to through‘thickness. This is
changing slowly as fracture mechanics approaches gain imputus from
improved techniques and cheaper computing. This trend is of great
interest to offshore operators, some of whom are already replacing
expensive, less reliable MPI by cheap, reliable FMD methods, althbugh
this approach means that there is no chance of discovering crack-like
defects before they are through-thickness. Nevertheless at least one
operator (see Section 5) considers that his overall chance of
discovering an important defect is greater using FMD as a far greater
percentage of the overall structure can be covered for a given cost.
This apﬁroach is particularly worth persulng on new structures, where
crack like defects are not anticipated. More detailed inspection of
joints is appropriate where reanalysls or service history indicates
high likelihood of premature cracking and inspection is still cheaper
than repair.

7.5 The Optimised Inspection Strategy

The approéch that hag been developed implies, rather than an inspection

cycle, a unique programme each year designed on the basis of all available
information.

5uring the design of the jinspection plan for year 1 an initial ranking of
components i1s carried out, which will highlight the components worthy of
special consideration. The likelihood and consequence of failure of these
components will be investigated immediately and, where appropriate, new
rankings will be assigned. This revis;d ranking table will be used to design
the first inspection programme and the rankings will alter thereafter in the
light of inspection findings. In this way, new priorities will be
highlighted each year.
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The full procedure proposed is detailed below and is presented in a
flowchart, figure 7.1.

Activity (1) formulate the IMR Strategy

The operator's overall approach to IMR ghould be formulated by the Review
panel, and this should be incorporated in a poligy document which would act
as a guide for the implementation of the inspection plan.

Activity (2); preliminary toriticality' ranking

The optimised inspecticn programme is based on:

(1) consequence of damage

(2) likelihocod of damage

(3) Cost and reliability of inspection
(4) inspection history. ’

The first step is to divide the components into inspection groups. For a
jacket structure, these might be:

® inspection group 1: members
inkpection group, 2: Joints
L inspection group 3: foundations

For each group the next step is to cbtain the inspection weighting for each
component as a function of consequence and likelihood of damage. For a new
structure there is no ‘inspection history', so inspection wgightinq is
identically equal to the ‘criticality rating'.

The preliminary inspection ranking should be performed by evaluation of the
weighting factor Z, as shown in Figure 7.2 (1). The first step in this 1is to
jdentify potential failure modes and locations for eac.h component. It is
then possible to evaluate the weighting for likelihood of failure, X, from
Figqure 7.2 (3). Determination of the factors for consequences of ‘f_ailure
(Figuzre 7.2 (2)) enables the preliminary ranking to be completed.

The reasoning behind the points systems has been given in Section 7.3, and
notes on their application are given below:
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It is noted in Section 7.4 above that for a first cut, consequence of failure
(fracture criticality) would be assessed subjectively. Item A (Pigure
7.2(2)) is linked strongly with items B, C and D to give "the designer's
assessment of the component's fracture criticality. 1Items D to G address
risks other than structural as a result of damage to a specific component and
would normally score average. Exceptions would be, for example, damage to
risers, which would score high under F and G; loss of an MSF member which
would score high under E. ’

An obvious danger is that different people will make different subjective
judgements in identical situations. This must be minimised by:

™ making written guidance on how to assess each consideration,
° ensuring that one person makes final Judgement on all components,

for each consideration.

For example, one engineer should make the assessments of the degree of

redundancy of all components in a group. It is less important that another

person makes all the judgements on, s'ay, immediate risk of lost production;
although this might sway the emphasis slightly towards or away from the
importance of these risks relative to the structural considerations, the
ov;rill ranking will be little affected. The rules for ranking could form an

annex to the policy document devised in Activity 1.

An ‘average' component will score 80 on- this table and the more critical
components will score commensurately higher.

The 1likelihood of damage (figure 7.2(3)) can be assessed scmewhat more
objectively, which is probably why inspection is largely desiéned on this
basis at present. For fatigue in joints, the approach of 7.4.3.1 is proposed
as a first cut. For members, the fatigue class would be ‘average' except for
members with access windows or appurtenance connections, in which case they
would be placed in class 1 (figure 7.2(3)). For a new structure, confidence
in the assessment would be 'average' for all components until Jdetailed
studies (see below) are performed.

Items Ij and sj (Figures 7.2{(2) and (3), respecpively.) would be given a
‘medium' or ‘class 2' rating unless the component 'j' is not represented in
the structural analysis model, in which case 'low' or ‘class 3' rating would
be applied.
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Por each inspection group, a ranking of component is computed by obtaining
the product of consequence of failure (Y) and likelihood of failure (X) for

each component.
First cut inspection priority ranking = (¥) x (X) = tcriticality rating'.

The agsessments would be filled in on a proforma compatible with the spread

sheet to be used. An example spread sheet layout is presented in Figure -

T4

If this inspection procedure is to be applied to a new structure, there will
be no in service inspection history and nominally no corrosion. Application
to existing in service structures requires that the ranking be compiled using
current knowledge of the structure. Time since last inspection W, would also
have to be included (see 7.4.4) and the procedure that should be adopted is
analagous to activity 6, inspection year 'n', hereunder.

Activity (3) assess inspection methods

" For 'a;sesament of inspection methods' the following categories should be

isolated:

4

CATEGORY | CONSEQUENCE | LIKELIHOOD
OF FAILURE |OF FAILURE

1 Low Low

2 Low : High

3 High Low

4 High High
TABLE 7.1

-

This can be done automatically by computer once the information required in
Pigure 7.4 is complete.

,,,,,
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Tables of possible inspection methods égainst categories would be devised,

eg.

Floocded Member Detaction 4

METHOD CATEGORY
1 2 3
a; Visual Inspection, ROV 4
b; Close Visual Inspection, Diver | ¥ | ¥
c3 *"MPI Classification 1 |7
d; *MPI Classification 2 '
e; Y

TABLE 7.2a; Joints

*MPI Classification 1; clean and inspect once '
*MPI Classification 2; clean, and inspect three or more +times; different

divers, modified procedures

METHOD CATEGORY
1 2 3
a; visual Inspection, ROV Y| 7]
b: Close Visual Inspection, Diver {7
c; *MPI Classification 1
d; *MPI Classification.2
e; Flcoded Member Detection |7

TABLE 7.2b; Members

There is no difficulty in assigning a column in the database (see Fiqére 7.4)

to the inspection category.
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Desk and laboratory studies would then be undertaken (on selected components)
for each method to assess the cost of using that technique to give suitable
confidence that the inspection will identify defects. Characterisatibn of
the defects is a separate topic; extra money would be justified inspecting a
single defect in considerable detail to allow sensible damags assessment.

Although these studies on inspection techniques are outside the scope of this
report, it is worth noting that the investigations would encompass:

) rellability of the techniques

s cleaning and inspection costs as a function of:
- depth
- access
- temperature

Level of confidence required would increase from category 1 to 4; it is
suggested that targets of 80%, 85%, 90‘lland 983 reliability bhe get for
categories 1, 2, 3 and 4, respectively. This is independent of frequency of
inspection and relates-to reliability of inspection in a given seasgon.

We now have the following information for each component:

. ranking as a function of consequence and likelihood of failure
(Activity 2) '

[ inspection category (see above)

L cost weighting for inspection which accounts for:

- ingpection category

- confidence level

- depth ‘

- temperature

- access.
The product of criticality rating and cost weighting is‘then computed. This
*compound weighting' gives a measure of the probable cost of inspection of
each component during the lifetime of the structure.
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Activity (4) Damage tolerance studies; undamaged structure

It is self evident that those components with very high ‘compound weighting'
(le., those with a very high life time inspection cost expectancy) are likely
to benefit most from detailed assessment. There are two reasons for carrying

ocut further studies before damage occurs on components with high weightings:

L to increase the level of confidence in a judgement which has been
_ -largely subjective '
° to reduce overall inspection coat by reassessing the inspection
category {(with implications on " gelected inspection method and
therefore on compound welghting).

Sections 6 and 7.4.3.2 describe metheds which could be applied. Damage
tolerance studies are likely to be cost effective in terms of inspection
savings for category 4 components. The rate of return on investment in study
would decrease with the lower categories. It is suggested that the cost
effectiveness of studies in category 4 be assessed on realistic case studies

before progressing to lower categories.

Activity (5) Revised ranking

Following detailed studies on specific components (or like sets of
components) revised input parameters ax; entered onto the main spread sheet
(see Figure 7.4). Components covered by detailed assessment now have the
‘confidence' penalty of "I" and "s" (figures 7.2(2) and (3)) reduced to
'high' or 'class 2' rating respectively.

The ranking for each inspection group is then recomputed.

Activity (6) Inspection, year 1

For new structures, no welghting according to previous history is regquired.
Hence, the inspection priority ranking (¥} x (X) gives the order of priority
for inspection in each Inspection group. Practical considerations will
prevail on the decisions taken by the review panel on components thch_are to
be inspected. It is to be expected that, in early years, high priority will
be given to ensuring that:
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° damage from installation operations is identified
e all appurtenances pertaining to fabrication, erection and installation

are ifdentified and recorded on as 'installed' drawings.

This represents a considerable volume of work and will almost certainly limiﬁ
the amount of routine inspection as a consequence. On the other hand, ‘damage
relating to life in service (fatigue life) should not yet be evident and the
emphasis of inspection need only be on category 4 components. If it can be
shown that components with high consequence and likelihood of failure can
tolerate through thickness cracking, the approach of using FMD (or scme other
technique which only identifies through thickness cracking) could be used
although this should be treated cautiously; a crack which has developed so
quickly to through thickness is almost certain to exhibit a short life to
component failure. Detailed inspection of the most critical joints might be
considered in preference to FMD; the ifdeal would be to use both approaches.

Inspection, year 2

The design of the routine part of the inspection plan for year 2 uses the
ranking (Y) x (X), modified by the findings from year 1 and by the fact that
inspection of certain components took plaée in year 1. PFiratly, all priority
scores used in year 1 will be raised by 1280 in year 2 (see 7.4.4) except for
those components that were inspected in year 1.

Secondly, findings from components inspected in the first year would be
incorporated 'into the spread sheet rankings by changing the relevant
waightings. For instance, a component showing unexpectedly high 'marine
growth might be reassessed under item R; (Figure 7.2 (3)).

Hence, vwhen the computer is asked to rank components for inspection in year
2, difference priorities will be identified, on which the inspection

designers can make judgement.

Ingpection, year 'n'

-

In general, the rankings performed each year identify the components
requiring inspection, with rankings from ‘mandatory' to 'desirable’'. An
operaticnal review should be conducted to determine possible execution plans
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. to perform the requ:l.red inspections. A flowchart for this, which assumes the

use of a DSV for diving operations, is given in Figure 7.5. The result of
this review will be an execution plan which permits inspection of all
components with a mandatory Ainspection requirement, and which gives the
widest possible coverage of other locations with a high ranking, and for
contingency inspections. )

let us suppose that inspection according to the methodology developed above
has progressed smoothly with changed database priority ratings selected in
the light of experience of a number of years. Some minor defects come to
light. Damage assessment now comes in to play in the more straightforward

sensa, The atages are:

-

L] characteriution of the damage (by practical measurement and reference
to historical data). '

® analytical appraisal of the damage and its effect on the structure
(damage assessment).

L decision on whether or not to repair immediately. The decision will
be based on
- expected time to component failure
- consequence of componeni failure -
- coemparison cost of reliable inspection against cost of repair.

If the damage does not need immediate repair, the cbmponent's'ranking will be '
reappraised. Category °'N' (Figure 7.2 (3)) will increase to ensure that the
component has high visibility on the ranking, even ,though ‘'I' and 's'
(confidence} on Figures 7.2 (2) and- 7.2 (3), respaectively, will have lower

values.

If a component or group of components annually appears near the top of the
priority rankings and yet no damage is discovered during. inspections, it can
be considered a. candidate for assessment studies, to ensure that its ranking
is, indeed appropriate. Review of the rankings table (Figure 7.4). will
reveal vhich parameter is giving rise to the high ranking and a change in
parameter importance may be required. In this way, the ranking procedure
itself is refined and tuned in the light of opergtional experience.
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Practical Considerations

It has been emphasised that the ranking procedure is a tool for the
inspection review panel, not a list of instructicns. The actual steps in
designing an inspection plan for a given year are:

) computer rankings.

[ identify components which must be inspected.

* decide DSV locations and timescales to allow those components to be
inapected. '

® determine likely additional dive time that will be available.

[ select other components with high ranking which are convenient to
.the DSV programme (these are the 'should inspect' campdnenta on
Figure 2.2).

° ' select other components to inspect which are not deemed critical,

but are convenient to the overall programme (see Section 7.6.4).
Simple techniques will be adequate (eg. visual, FMD) unless
unexpected damage is identified.

The methodology described above is not intended to be definitive. The aim is
to show how inspection planning taking into account cost savings which could
be made might be tackled by assessing the importance that Jdamage would have
before damage is located.

Strengthening before damage  is identified might also be cost effective in
areas vhich are critical and expensive tc inspect reliably.



3 b L ¥! N ! | i 1 LB o

&5 . 0 O .3 5O 1 &

omeny B owent SR ovey RN ooy |

I

L—F

S 95 [ towm B it N wout BN svond [N wouset |

1.

2.

WOL 109/BEA

REFERENCES

CIRIA UEG . .
Project URP 72/S2 Implications of Design to Inspection and Maintenance

of Offshore Installations and Pipelines. September 1985.

Baker M J
‘Raticnalisation of safety and serviceability factors in structural

codes' CIRIA Report 63, July 1977.

T ap ot



C O OO &y

L} —

0 OO OO .3 o

=] O e

1

T
N

]

[ S

- 7,28 = WOL 109/86A

INSPECTION WEIGHTING

Z= (X xY) +W

CRITICALITY RATING INSPECTION HISTORY

X x ¥) W

FAILURE, X
(SEE FIGURE 7.2 (3))

CONSEQUENCES OF
FAILURE Y
SEE PIGURE 7.2 (2))

COMPUTATION OF INSPECTION WEIGHTING, Z.

URP 72) 54 DAMAGE ASSESSMENT

FIGURE 7.2 (1) .
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SYMBOL

INFLUENCING ITEM

RATING VALUE

HIGH MEDIUM IOW

o I s N v Y e I vt Y e T soms

T 5
w?

1
-
wh

L)

is component ¢ primary (high)

¢ gecondary (medium)

e tertiary (low)
Redundancy of brace
Redundancy of chord
Likelihood of other short term losses
Immediate risk to life
Immediate risk to eanvironment
Immediate risk of lost produqtion

Cost of repalir.

Confidence in assessment

(Medium rating)

40 10 1
1 10 40
1 10 40
20 s 1
100 10 1
100 10 .1
50 10 1
20 5 1
2 10 40

@
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TENTATIVE WEIGHTINGS

URP 72; S4 DAMAGE ASSESSMENT

FIGURE 7.2(2)
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xj =K j+ Hj +.o.o-o + Sj

Where:
RATING VALUE
SYMBOL, INFLUENCING ITEM
CLASS 1|CLASS 2|CLASS 3
Kj Fatique category 40 10 1
Mj Susceptibility to damage 20 5 1
Ny Defect known to exist* 100 35 5
Oj Corrosion conditicn at last inspgction 20 5 1
Pj Material 20 5 1
Qj rahricapion quality 20 5 1
Rj Excessive marine growth 10 high| 5 med | 1 low
sj Confidence in assessment 2 10 20
xj (medivm rating) 80

*Damage assessment studies in addition to reclassification

TENTATIVE WEIGHTINGS

URP 72; S4 DAMAGE ASSESSMENT .

FIGURE 7.2(3)
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1. IDENTIFY COMPONENTS WITH MANDATORY
INSPECTION REQUIREMENTS

2. PLAN DSV LOCATIONS TO SERVICE
* MANDATORY INSPECTION REQUIREMENTS
* OTHER SUBSEA OPERATIONS (REPAIRS, etc)

|

3. PLAN INSPECTION FOR ACCESSIBLE COMPONENTS
WITH HIGH INSPECTION RANKING

|

4. PLAN CONTINGENCY INSPECTION FOR OTHER
ACCESSIBLE COMPONENTS

FLOWCHART FOR OPERATIONAL REVIEW

PROJECT URP 72:STUDY 4 REPORT No. WOL 109/86
INSPECTION PLANNING | FIG. 7.5
\_THE ROLE OF DAMAGE ASSESSMENT A _
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 FOR EACH COMPONENT :-

IMR PHILOSOPHY

COMPUTE
‘CRITICALITY RATING'
'X* x °Y* (SEE FIG. 7.2)

IDENTIFY INSPECTION CATEGORY

|

DETERMINE COST WEIGHTING
FOR INSPECTION
OF COMPONENT

|

COMPUTE "COMPOUND
WEIGHTING”
(CRITICALITY x COST)

(15 INDICATED LIFETIME INSPECTION COST HIGH 7 »—HS

. YES
| oETAILED STUDIES |

Pl

COMPUTE (REVISED)
CRITICALITY RATING/RANKING

‘ RANK ALL COMPONENTS
UPDATE INSPECTION IN CLASS ACCORDING
DATABASE TO CRITICALITY RATING

IDENTIFY LIKELY COMPONENTS
FOR INSPECTION-, YEAR 1

OPERATIONAL REVIEW
(SEE FIG. 7.5)

FINALISE INSPECITON
PROGRAMME FOR YEAR

l

{ PERFORM INSPECTION |

NO J/ '
{ DAMAGE DETECTED ? )
YES

PERFORM DAMAGE ASSESSMENT

NO I
< REPAIR REQUIRED 7 )

| YES
| PERFORM REPAIR |

FORMULATION OF THE ANNUAL INSPECTION/REPAIR PROERAMME

’ O ot

PROJECT URP 72 : STUDY 4
INSPECTION PLARNING
THE ROLE OF DAMAGE ASSESSMENT

REPORT No. WOL 109/86

Fl6. 7.1
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8. APPLICATION OF AN OPTIMISED STRATEGY

8.1 Ioplementation of the strategy

Section 7 shows how a system of inspection planning could be developed from
the philosophy described in this document. The influencing items and, more
importantly, the rating value (reference figﬁres 7.2(2) and (3)) require much
more systematic review before adoption to a real structure to be inspected.

Nevertheless, the approach could be valid and its effectiveness is
illustrated in the following example.

8.1.1 Worked example

for the purposes of this exercise, part of a steel jacket first subsea
horiiontal framing panel has been selected. This is an area of great
inspection interest as it ﬁny well suffer, during the lifetime of the
structure, both fatigue damage and impact damage from dropped objects
or ship collision.

The frame is shown in Figure 8.1 and some of the joints, as indicated,
have been selected for ranking.

Figure 8.2 shows the rankings wh#ch would be applied to each joint on
completion of inspection in year 'a°. fhe 'last inspected' column has
already been amended to give priorities for next years inspection.
Before looking at the ranking, it is worthwhile reviewing the numbers
which have contributed to it.

Firstly for the components considered in the example (joints) it is
assumed that loss 6: the chord as a result of joint failure would be
serious, as each chord member is primary (item C) at the joints under
consideration.‘.Where the brace is secondary, in the conductor guide
frame area, a lower rating is given (item B). Item A is based on the
subjective decision of an experienced designer and concerns the role
of the caéponent in the overall frame work of the jacket. The time
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taken to further losses; which would result from failure of a
component are given a weighting under item D. E, F and G are
assessments of the possible consequences, other than structural, due
to failure of a component. For example, a failed riser support or
conductor guide frame member increases the risk of lost production and
environmental damage. Cost of repair (H) would be assegsed
subjectively. Much more detailed attention would be given ¢to
components which would be very expensive to inspect and which have a
high likelihood of fallure (gee Section 7}« Items I and S refer to
the confidence made in the assessment. A rating of 10 implies a
subjective assessment gupported by representation in the structural:
model. A higher rating implies that the component is not accurately

represented in the structural model. When a datailed assessment of a

particular component is- undertaken (finite element analysis,
redundancy analysis) the confidence in the assessment increases and a
low weighting is given.

Likelihood of failure, X, can be ass;ssed more objectively on the
*first cut' than the consequence of damage. Item M refers to
suscéptibility to accidental damage. Item N, 'defect known to exist’
gives a very high weighting to X. It is propoéed that whenever N is

100, an asterisk (flag) appears in the 'inspection category' column..

A damage assegsment is almost certain to follow; if remedial action
(eg. crack grinding) is undertaken as a congsequence, the 'N' rating
will reduce to 35. This is illustrated by joint 31 in the example and
its inspection priority is higher than the almost identical joint 29.
P and Q refer to the quality of available data as well as the content
of that data - le. scant records will confer a higher rating than
well documented evidence. R will only be given a non-average
weighting if the marine growth is different from expectations.
Normally, marine growth assumptions are incorported in design and
these should be understood and taken into acceunt by the inspection
designer.

The rarking is computed as (Y) x (X) + (W) (see Section 7) and is
listed in descending priority order. The inspection category was
defined in Section 7, Activity (2).

ol
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Let us examine the frameé of our example in Figure 8.1, The year now
is 19 x 8 and the structure was installed in 19x0. A reassessment of
the structure was carried out in late 19x6 and new weightings were
allocated to all components. Part of the reassessment involved
detailed appraisal of critical joints at legs. Hence joints 1 and 2
carry high confidence in categories I and s. Reappraisal of the
conductor guide frames gave the model shown in Figure 8.1 after
indications were discovered in joints 26 and 29 in year 19x6. The
cracks were ground out ~and  the reanaiyuis ghows that there is no
reason to expect premature fajilure. Poor fabrication quality was the
likely cause of the .defect in Joint 31. The indication at Joint 26
may have been erronecus as aurface.grinding and repeat MPI gave a
clean bill of health.

Last year, (19x7), joints 1 and 2 were inspected and found to be free
from damage. This‘year joints 37, 39, 47 and 48 were inspected. 47
and 48 were of particular interest as the reanalysis indicated low
fatigue 1lives (less than half the design life). Modelling in th?
reanalysis made conservative assumptions but inspection was carried
out nonetheless, under the ‘'should inspect' criterion. A crack
indication was found in joint 47 late in the season. '

At the end of the 19x8 ingpection season, the ‘W' ratings were
increagsed to give next years values and reranked in the order shown on
Figure 8.2. '

The first action to be taken is a review of items justifying further .
study. Jolnts 31, 33, 35 are adjacent (inspection ease) and earlier
damage in joint 29 will not discourage the panel from inspecting these
components next year. Joints 47 and 48, however, would be expengive
to ihspect regularly and it is decided to undertake a detailed study
to assess the inspection priority. This study is shown in Example 2
Appendix 2. The presence of a crack indication in Joint 47 highlights
a pogssible requirement for action before the wintex. Fortunately, the
study is able to demonstrate that the small crack is stable under all
loading conditions and will propogate only very slowly.
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The working (unshown) also demonstrates that joint 48 has a fatigue
1ife in category 2. dJoint 26 is held near the top of the ranking as
a defect is known to have existed. Its position alerts the review
panel to the increased likelihood of further damage. Joints 3 and 4
are primary and are due for inspection in 19x9. It can eagily be
seen that the lowest inspection priorities are those with low
consequence and low likelihood of fallure {(category 1). In the
middle of the table are those joints in inspection categories 2 and
3 and the decisions on which joints to inspect will be a function of
both required confidence and cost.

In the event, the review panel selects joints 47, 48, 31, '33 and 35°
and 4 for inspection in 19x%9.

'ﬁae'defect at joint 47 showed no discernable size increase and was
removed by light grinding. 48 showed no defect. 31, 33 and 35
received a clean bill of health. The area arou:;d joint 4 had
experienced .exceptiona.l marine growth. The changes at the end of
19x9 are shown on Figure 8.3. Studies in the winter following 19x9
might concentrate on the conductor gquide frames; no significant
damage is materialising yet the frame j.oints have high rankinga. An
assessment which will allow reduction in the column 'I' would be
worthwhile. If this were done before the next inspection seascn
commenced a modified listing could be used.

Coomment

It is evident that the subjective weightings suggested in this
exercise can have érofound influence on the rankings. The keys to
using this methodology would bes

] consistency of mterp‘retatic;m all rules for allocation of
numbers must be written. The review panel perscnnel will
changel

L centralisation of data input; a single micro based record with -

password access to a single user would be best
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° review periodically to ensure that the weightings of relevant
factors are realistic

e Recognition of status of the rankings; that it is a tool not a
dictator
) Systematic update.

Of course, a real structure would have a much larger number of
joints. Likewisge, similar lists would exist for members,
foundation condition, corrosion condition. It may well be that
further simplification of the system shown above would be
required. Nevertheless, the abgolute ranking of a component is
less important than its approximate position in the listy the
ranking will be pointing to groups of components which the

review body should be reviewing.

Actual damage would, in practice, be dealt with in a much more
systematic way than is apparent here. A column 'N' rating of
10¢ autcmatically hiéhlights a ‘'problem. I1#, for example,
inspection of the crack and grinding had not solved the crack
problem on joint 47, then the rating would stay at 100 and the
joint would still be a special case for consideration, even if
the review panel are confident of the crack's stability (as
demonstrated in Example 2).

_Ba2 Application to other subsea components

Jackets are fairly defect tolerant; even if prediction errors are made in the
likelihood of component failure, there is not necessarily an Iimportant

.consequence before remedial action can be taken. Hence, the strategy for

inspection planning described above can be used cost effectively.

On the other hand pipelines, remote completions, templates, tethers etc.
have little or no redundancy; the consequence of damage is likely to be
gserious whether or not the likelihood of damage is high. '

How, then, can damage assessment be applied to .non-redunda,nt subsea
installations? There are two scenarios:

® installaticn undamaged

° one or more installation components damaged.
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For undamaged installations the approach postulated in Section 2, and shown
in Figure 2.2 is proposed, ie;

1. identify fracture criticality of a component

2. asgess relative costs of inspection and protectiocn to give required

confidence levels for fracture critical items.

Unlike jackets, this methodology is simple to apply as components are mich
less likely to suffer from widely fluctuating loads. On the other hand,
almost all components are likely to be found fracture critical and the
inspection designer is still faced with item 2. Non-fracture critical items
can be inspected on-a component failure basis, eg. visual inspection, FMD or

load indicator (tethers}). .

The relative cost of inspection and protection is likely to be taken into
account by the installation designer. He must alsc investigate the cost of
repair of a protected component as against an unprotected component in tﬁQ
event that failure arises from an unexpected cause. For example, a pipeline
may be buried in a shipping lane to protect it from damage from dragnets,
anchor chains, dropped debris etc., but a pin hole leak in that pipeline will

be more expensive to repair as a congequence.

Unfortunately, there is insufficient data available to make an objective
agsessment of these considerations for a given location and the judgement of
the  designer and preference of his client will prevail; a subjective

assessment is inevitable.

There have been recent efforts to protect subsea wellheads in the North Sea,
but again the design premise for the wellhead protector is 1likely to be
subjective. The problem is akin to that of ship impact on structures; there
is a small risk of enormous dJdamage, and the cost of protection against
serious damage (particularly from impact) at some point becomes prohibitive.
Some techniques are, however, available from risk evaluﬁfion specialists. A

more detailed appraisal is beyond the sccpe of this report.

i

The analytical treatment of damage that has been detected is likelé.to be
little used on fracture critical components. For overriding safety and

public confidence reasons, remedial action would always be taken. If a
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component is not fracture critical, then failure tests might be preferable to
detailed inspection (visual, FMD, lcad indicator etc.).

It is concluded that, for installations of low redundancy, damage assessment
techniques can assist the inspection designers only thus far:

® in identifying criticality of components

® in deciding on inspection fregquency on fracture critical components
where damage is likely to be progressive.

In the latter case, the techniques described in Section 6 apply.

In summary, the methodology 1s easier to apply but is likely to.be of less
benefit than to jacket structures.

8.3 Value of Adopting the Proposed Optimised Inspection Planning
Methodology ‘

It is well nigh impossible to made a realistic commercial assessment of the
impact that the adoption of the proposed methodclogy would have on inspection

costs of a structure without carrying out a detailed, structure specific
study.

To assist in making an assessment, an unsupported scenaric is developed in

8.3.2, below, to show how a financial appraisal could be approahced.

8+3.1 Technical review

In adopting the proposed methodelogy, the operator finds himself with
a model of his installation which provides the fcllowing:

] A basls for assessing inspection priority which integrates the
importance of fatigue and static damage considerations.

. A raticnal basis on which to decide which components Jjustify
detalled studies..

) A basis for assessing whether strengthening is cheaper txan

repair.
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. An indication of which parameters are governing the inspection

frequency of a given component.

This model is an important and versatile tool which the operator can
use to asgegs his immediate and future inspection costs.

The power of the model is further increased if it is integrated with a
computerised inspection history database. The latter are already
under development with some operators. In addition, he will have
established a team of experts to advise on all aspects of .inspection
and which will set‘up the model and support it with the necessary
detalled studies. The costs of establishing the methodology will not
be cheap but the potential payback is considerable.

Consider the following example. .let us assume that the model and
studies prove that the cost of strengthening a component is likely to
cost the same as two detailed‘inspections and thus that strengthening
is the cost effective option.- It could be argued that this conclusion
could be drawn from independent studies on single components perceived
as eipensive to inspect based purely on ‘engineers judgement'. What
is also possible, however, if the full system is adopted, is an
appraisal of the impact of specific reduced inspection requirements on

overall inspection costs. . Perhaps by obviating, or dramatically

reducing inspection requirements on a few key components, tﬁi operator
can obviate two cémplete inspection seasons in every five, whilst
ensuring that his confidence in overall integrity is not diminished.
The likelihood of this dramatic option could be tested by altering
parameters arbitarily in the model prior to the expense of detailed
studies.

Cost consideration

In adopting the methodology, the operator 1s faced with the following
costs:

1. hardware

2. software development

3. setting up .the system
4. detailed studies
S review panel

6. ongoing system support costs
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These will only be justified against one or both of the following

criteria:

b.

increased integrity assurance

reduced inspection cost without loss of integrity assurance.

The £ollowing breakdown, with unsupported estimates of implication
costs, are provided solely to assist in making a rational assessment

for a real installation:

Ao

Costs

JItem

1, 2

3, 5

3, 4

Description

hardware, software development

*cbtain/programme ‘cost of reliable

1hapection' model

subdivide structure

design proformas

learning curve

preliminary ranking (say 200
member structure)

obtain coempound rankinés
postulate inltial detailed
ltudieq

Allow 1 senlor engineer and

1 junior engineer for 6 months

review initial recommendations
Allow 4 consultants, 2 days and
4 x 1 day sessions @ £250 .

define studles, appoint and

monitor contractor .
Allow 1 senior engineer,

2 months

Allow (&)

10,000

100,000

32,000

6,000

7,000
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i} Item . Description ' Allow (£}
4 L 5 initial detailed studies 125,000
3, 5 ® reassess priorities, define 10,0090

further studies

4 L 10 further detalled studies 200,000
3, 5 ] reassess, define inspeétion 20,000
priorities
allow £500,000 -

(only those costs additional to standard inspection dJesign

practice are allowed for)
*Outwith the scope of this study..

ongoing costs, 6, are likely to be of a similar magnitude to those for

a manual inspection design process.

B, Return

Assume five node inspections at depth are saved per year. Assume

diving costs are £30,000 per day. Allowing inspection rate of 1 node

L)

per day, savings would be:

£
1.  Offshore costs, 5 x £30,000 _ £150,000
2. Inspection planning, allow 2 engineers x 4 weeks £10,000
3. Reporting costs £10,000
Total saving, per annum £170,000

) =1



e T ot T et TR e TR oot S et T =t R et TR o O vt

Yy OOy & oy &3

8.3.3

- 8.11 = WOL 109/86A

- Conclusion

It is immediately apparant that the potential for financial return on
the high initial ocutlay may be easily Jjustified, particularly if the

zerc inspection option can be used in, say, one year in five.

The additional benefit of using the integrated inspection system is

that a consistent approach to decision making 1s used throughout the

lifetime of the structure. It is not practicable to assess the impact
that this will have on increased safety assurance, but in any event,

the system will be at least as safe as current methods,
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